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Abstract
The MIT Wrist Robot has demonstrated the effectiveness of robotic therapy in aiding the
rehabilitation of stroke victims. In order to investigate the neurological processes
involved in this therapy and evaluate its effectiveness a patented MRI compatible version
of the wrist robot is being developed, so that therapy and brain imaging may be carried
out simultaneously. Patient actuation is accomplished with two standard electric motors,
located outside the MRI chamber, which drive a non-ferrous, MRI compatible, low
impedance hydraulic fluid transmission, consisting of two pairs of custom designed and
fabricated vane motors. This thesis details the characterization and redesign of this robot,
with emphasis placed upon the hydraulic system.
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1 Introduction
1.1 Robotic Therapy
The M.I.T. Eric P. and Evelyn E. Newman Laboratory for Biomechanics and
Human Rehabilitation pioneered the design and development of robots for physical and
neurological rehabilitation of stroke victims. Robotic therapy facilitates the construction
of new neural pathways to compensate for those damaged by loss of oxygenation during
the stroke. Under the guidance of occupational or physical therapists, these robots
provide a means of conducting range-of-motion exercises with variable resistance or
guidance in a highly repeatable manner, under the guise of a "video game," whereby the
patient is instructed, via visual cues, to moves a cursor to various points on a screen by
actuating the robot. Simultaneously, patient position, velocity and patient/robot force are
tracked and used in a control law which decides the force to apply to the patient. This
same information is also collected as a quantitative means of patient evaluation.
The robots are not designed to servo a patient into a particular position; rather
impedance control is applied to gently nudge the patient's limb towards a desired target.
In simplest terms, if the patient is able to accomplish the desired motion within a
predefined time interval the robot provides no assistance; however, if the motion is not
completed the robot applies a force in the correct direction. Mechanically, the robots are
designed for backdrivability. This does not mean that a patient cannot feel any dynamics;
rather, he is able to move the robot and feel only smooth friction, without nonlinearities.1
N. Hogan and H.I. Krebs have shown robot assisted therapy to be more effective
than traditional therapy in speed and the level of normal function regained. [18] Stated
concisely by occupational therapist S. Fasoli, "Robot therapy may compliment other
treatment approaches by reducing motor impairment in persons with moderate to severe
chronic impairments." [8] Additional benefits of "robotic assisted therapy" include the
ability to empirically chart a patient's progress as well as collect this data for research use
into studies of human motor planning. Moreover, robots allow therapists to focus on
designing effective therapy regimes and tracking patient's progress and relieve them of
the "heavy lifting" task of physically manipulating patient's limbs. This facilitates
greater productivity and more effective physical and occupational therapy.
1.2 Therapy Robot History
Success with neurorehabilitation led to the development of a family of robots.
The first was the MIT-Manus, designed by J. Charnnarong as his Master's thesis, The
Design of an Intelligent Machine for Upper-Limb Physical Therapy, with electronics by
H.I. Krebs. [5] The second generation is shown in Figure 1.1. The third and latest in this
robot family is the Ankle Robot, shown in Figure 1.2, designed by J. Wheeler for his
' Human perception can easily detect and is annoyed by such nonlinearities as gear cogging.
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Master's thesis, An Ankle Robot for a Modular Gait Rehabilitation System and D.
Williams and colleagues at Interactive Motion Technologies (IMT), Inc. 2 [34]
The Manus was followed by the Wrist Robot which is now in its fourth iteration.
The first was designed by H. I. Krebs for integration with the Manus. This was then
substantially revised as a freestanding unit by D. Williams as his Master's thesis, A Robot
for Wrist Rehabilitation. [36] This robot was then characterized and fine tuned by
J. Celestino as his Master's thesis, Characterization and Control of a Robot for Wrist
Rehabilitation. [4] It is presently being commercialized under license agreement by IMT.
All wrist robots employ a differential, powered by two motors, which allows the hand
piece to describe abduction/adduction and flexion/extension. This is detailed in Section
10, Friction & Gear-Drive Evaluation, and shown in Figure 2.1. The entire differential
and handle is rotated by a third motor which effects pronation/supination.
Figure 1.1 - Manus being used by a patient. Figure 1.2 - Ankle Robot being tested on a
Visual input from a game involving moving treadmill.
from the center to a series of radial dots.
2 IMT spun off from the Newman Lab in 1999 to commercialize patient rehabilitation technology. [15]
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Figure 1.3 - Third generation wrist robot. Inset shows patient's wrist and hand being positioned. All
three wrist degrees of freedom, described in Section 2.1, Wrist Robot Functional Requirements, can be
actuated.
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2 MRI Compatible Wrist Robot
An overriding goal of research in the Newman Lab is investigating
neuroplasticity, or the ability of the brain to replace damaged neural pathways. One way
of doing this is by tracking patient progress during robotic rehabilitation and analyzing
the collected data. A more direct method would be to conduct functional brain imaging
during therapy; hence N. Hogan and H. I. Krebs' concept of a robot compatible with
medical imaging, for which a patent was filed November 1995 and, granted August 1998.
[13] Originally the Newman Lab investigated Positron Emission Tomography (PET);
however Magnetic Resonance Imaging (MRI) was selected as a radiation and contrast
agent free alternative which offered higher resolution. This gave naissance to the MRI-
Bot.
The MRI-Bot is designed to mimic the functionally of the wrist robot, with the
pronation/supination degree of freedom removed. Wrist motion was selected as the test
case since it occupies a small enough physical envelope to fit within the confines of a
whole-body MRI and motion can be effected without moving the rest of the body and
distorting the scan. The first prototype was constructed by S. Mendelowitz and is
described in her Master's thesis, Design of an MRI compatible Robot for Wrist
Rehabilitation. [22]
This robot followed closely upon the work of Williams and Celestino, however,
the requirement that all materials be MRI compatible excluded most standard mechanical
components. It was relatively easy to fabricate the patient actuation hand piece,
differential and supporting stand out of compatible materials. This is linked by a
relatively low impedance hydraulic transmission to the input side component, comprising
standard control electronics and motors, to be located outside the MRI chamber, built by
IMT.
For actuation of the differential two custom hydraulic vane motors were designed
and fabricated which operate in a double-acting manner. Fluid is both pushed and pulled
simultaneously through the two ports. These hydraulic motors are connected via long
flexible hoses to a matching pair of hydraulic motors, located outside the MRI chamber,
which are connected in a direct-drive configuration to two brushless AC servomotors (E-
motors). This double hydraulic motor configuration was chosen over a traditional
hydraulic system which employs a constant pressure source, regulating valve and motor
(or piston). This had been investigated by J. Verdirame in his undergraduate thesis,
Characterization of a Hydraulic Actuator for a Functional Magnetic Resonance Imaging
Robot, and found to provide insufficient bandwidth and, because of the valve's orifice, to
not be backdrivable. [33] The E-motors are fitted with encoders which will allow a
feedback control loop to be closed locally around the actuator, leaving the transmission
dynamics outside the control loop. Later, MRI compatible encoders will be fitted to the
patient actuation module so as to retrieve patient wrist position.
The completed robot is detailed in Figure 2.1 and Figure 2.2. Following this is a
description of the robot functional requirements that guided the characterization and
redesign analysis.
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Figure 2.1 - Patient actuation components showing hand piece connected to differential drive and
patient (hydraulic) motors mounted upon the stand. Actuating the two side gears causes the pinion
gears and handle to describe abduction/adduction and flexion/extension.
Figure 2.2 - Assembled fluid transmission showing E-motors connected to the input (hydraulic)
motors which are plumbed to the patient motors. Inset shows the Linux computer and electronics
enclosure.
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2.1 Wrist Robot Functional Requirements
The overriding principle of robot design in the Newman Lab is Transparency
According to Buerger, "A transparent system should provide infinite stiffness with zero
inertia and damping, with no transmission delay." [2] In the context of the MRI-Bot, this
can be visualized as the patient in the MRI being connected directly to the E-motors via a
dynamics-free, perfectly lubricated, massless transmission. This allows the dynamics felt
by the patient to be defined, to the greatest extent possible, by the control system and not
the robot's inherent structure/dynamics. The specific implications of this became
apparent while developing a system model and are discussed in Section 8.4, Effects of
Transparency.
Bearing this in mind, the MRI-Bot's functional requirements follow directly from
those of its predecessor wrist robots. Table 2.1 summarises the human wrist's range of
motion courtesy of Kapandji via Celestino. [17], [4]
The MRI-Bot is designed to enable abduction/adduction and flexion/extension;
pronation/supination was not included as that motion could induce head movement, thus
distorting the MRI scan. Taking a worst case scenario, and rather uncomfortable
position, whereby a patient's wrist is moved 85* in flexion and then 450 in adduction, this
would require one of the robot axes to have 1300 degrees of available rotation off centre
position. Currently the maximum available sweep is limited to 1050 in each direction.
This is due to the vanes' chunky "wedge" shape. In addition, any biasing in a particular
direction, due to friction or internal leakage, will exacerbate this problem.
Table 2.1 - Wrist motion degrees of freedom and extents
Motion Extents [deg]
Abduction (1) 150
Adduction (r) 40 - 45*
Flexion (1) 850
Extension (r) 850
Supination (1) 90*
Pronation (r) 85*
The maximal frequency of desired motion was not specified. Previous work in
the Newman Lab by Hogan et al. has found components of human motion with frequency
components up to 15 Hz. [14] Common sense indicates that a reasonable cap on the
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frequency of human wrist motion would be 5 Hz, however one would not envision
moving a stroke patient's wrist, or even that of an able subject, much faster than 2 Hz.
In terms of torque, Williams estimated that each of the differential axes must be
able to deliver 170 oz-in, 0.885 ft-lb (1.20 N-m) each. To be precise, this is the torque
available at the patient actuation module; the E-motors will need to supply greater torque
in order to overcome fluid resistance and friction. Equally important is that the patient be
able to back-drive the robot. While this suggests that friction and inertia must be
minimised, a certain level is acceptable. These were estimated by Williams at 10 - 15
oz-in2, 1.35E-' - 2.02E~4 slug-ft2 (1.8E - 2.7 E-4 kg-m 2) of inertia and 30 oz-in, 0.156 ft-
lb (0.21 N-m) of friction for each axis. [36] The inertia requirement was estimated as 7%
of the inertia of the human wrist in the appropriate axis. Stiction, in the form of
breakaway torque, is quite noticeable in the current prototype and is quantified in Section
5.2, Hydraulic Motor Static Friction. Likewise, damping resulting from the physical
system, while not completely undesirable from a stability point of view, should be
minimised so that it can be properly specified by the control system.
In characterising the Wrist Robot, Celestino, disagreed with William's
quantitative statements regarding endpoint impedance and back-drivability countering
with, "In truth along as the machine is back-drivable in passive operation, the endpoint
inertia is sufficient."' This assertion is couched in the rationale that the robot will
predominantly function in active mode with low accelerations and high forces relative to
inertial effects. [4]
Physically, the entire robot and patient must fit within the confines of an MRI
machine bore, typically described by a circle of diameter 23" (0.58 m). This places no
constraints on hardware outside the MRI machine, except that hoses and cables must fit
through the port between the MRI chamber and control room.
2.2 MRI-Compatibility Guidelines
An MRI machine operates by applying a strong magnetic field, typically on the
order of 0.5 to 9.0 tesla, generated with resistive, permanent or superconducting magnets,
oriented axially along the machine's bore. This field is homogeneous and stable and
serves to align the protons of hydrogen atoms within tissues a patient's body. For the
most part these protons' spins cancel each other out, but a few are unbalanced. A radio
frequency (RF) pulse if applied which causes these protons to absorb energy and change
spin. The resonance, or Lamour frequency, is dependant upon field strength and tissue.
Additional, smaller gradient magnets are used to manipulate the main magnetic field, so
as to select a particular "slice" without having to move the patient. When the RF pulse is
removed the protons return to their previous spin, releasing an electromagnetic signal
which is acquired by detector coils. This data is Fourier transformed into a three
dimensional image. A contrast agent may be used to alter the magnetic properties of
specific tissues so as to enhance the image. [11]
It is common knowledge that magnetic and ferromagnetic materials must not be
brought into the vicinity of an MRI machine, lest they be drawn through the bore and
1 "Passive" refers to the state where the motors are energized, but sending no torque. In contrast "active" is
when the motors are being controlled to assist patient motion.
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impact the patient. But for the purpose of compatible design more precise definitions are
needed. Quoting from J.F. Schenck, "Magnetic susceptibility is a qualitative measure of
a material's tendency to interact with and distort an applied magnetic field." A material's
magnetization is expressed as a function of its inherent magnetization (M,) and
magnetism induced in an approximately linear function of the applied field (H). The
magnetic susceptibility (x) is thus a nondimensional constant. [30]
M = M, + HZ (2.1)
Materials having either a large M or X are liable to experience strong forces in the
presence of a magnetic field and fail the MRI safe criterion. They can be detected with a
handheld permanent magnet. Equipment that only needs to be safe includes such
products as mops, carts and other tools which are not left in the MRI chamber during
scanning and instruments, such as anesthesia equipment, which remains at a distance to
the imaging region. The MRI compatible criterion is much stricter and addresses the
issue of image distortion or degradation. Only materials having susceptibilities close to
that of human tissues, composed primarily of water, are acceptable for use within the
imaging region and cause minimal degradation. Included in this group are ceramics,
thermoplastic polymers, copper, brass and aluminium. The reader is directed to
Schencks' work for a thorough treatment and detailed listing of materials'
susceptibilities. (He denoted the two criterions first and second compatibility.) In sum,
"The size and location of an object, as well as its magnetization and susceptibility, are
important in determining its MR compatibility." In addition, any closed conductive loops
should be avoided; currents high enough to injure a patient may be induced. [30] The
MRI-Bot is designed to be as compatible as possible.
For completeness it is necessary to include the following extract from GE
Medical's MR Safety Guide dividing the MR environment into four, relatively
subjective, zones with respect to compatibility. [10]
Zone 1: MR-compatible devices are suitable for use in the imaging volume, potentially in contact with
the patient, during scanning. The highest zone of MR compatibility is Zone 1. A Zone 1 MR-
compatible device may be used in the imaging volume in the region of interest without
degradation of image quality or spatial accuracy. Biopsy needles and endoscopes would
typically be Zone 1 devices.
Zone 2: Zone 2 MR-compatible devices are suitable for use in the imaging volume, potentially in
contact with the patient, during scanning, provided that the device is at least 5.0 cm away
from any anatomical feature for which spatially accurate images are required. A Zone 2
device may be used in the imaging volume but can cause spatial distortions and artifacts
nearby (within 5.0 cm). Typical Zone 2 devices would include positioners and microscopes.
Zone 3: Zone 3 MR-compatible devices are suitable for use in the imaging volume, potentially in
contact with the patient, when not scanning. The device should be moved outside of 1.0 m
from isocenter during scanning. A Zone 3 device should be removed from the scan volume
prior to scanning to avoid spatial distortion and artifacts. The majority of MR-compatible
hand-held surgical instruments would be Zone 3 devices.
Zone 4: MR-compatible devices are suitable for use in the magnet room during scanning when kept
more than 1.0 m from isocenter. A Zone 4 MR-compatible device should not cause problems
only if it is no closer than 1.0 m from isocenter. Typical Zone 4 devices include furniture and
carts.
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3 MRI-Bot System Description & Revision
The system shown in Figure 2.1 and Figure 2.2 was received in a non-functional
condition. Fluid leaked from multiple points, making it impossible to keep the fluid lines
bubble free and charged with fluid. The hydraulic motors' vanes did not move smoothly,
instead they jammed continually within the motor bore. Consistent, correct shaft
alignment was impossible; the system could not be assembled and dissembled in a
repeatable manner. Substantial redesign and rework was necessary before even basic
characterization was possible. Therefore, the following is a combined system description
and detailed explanation of changes. For a more detailed system description and
explanation of current component configuration, the reader is directed to the work of the
original designer, Mendelowitz. [22]
3.1 Hydraulic Motors
The hydraulic motors are constructed such that a vane oscillates back and forth,
pushed by fluid from either side, with the bore divided into two chambers by the vane
and a stop. In order to minimize friction and allow the MRI-Bot to be backdrivable no
internal seals were employed between the vane and bore and stop. Instead, both the vane
and combined bore and stop were fabricated via wire electron discharge machining
(EDM) which is capable of providing tolerances on the order of 0.0005" (0.01 mm); the
tight clearances were intended to prevent internal leakage from one chamber to the other.
In addition, the vanes' "wedge" shape was intended to decrease leakage by providing a
long path for leaking fluid between the two chambers. In order to fulfill MRI
compatibility requirements both were made out of copper. The shafts were machined
from Garolite* (G10) epoxy reinforced with glass fiber, which absorbs little water and is
dimensionally stable. Teflon rings were pressed into grooves on the outside of the motor
covers around the shafts, intended to serve as seals to prevent external leakage.
In received condition all four motors were seized. Originally, it was intended that
the vanes should just skim the diameter of the bores. This required alignment on the
same order of the EDM's precision; however the Rulon J* bushings were only able to
provide precision on the order of a few thousandths of an inch. Moreover, the bushings
were fitted into the motor covers, which had no alignment features with the bore. Even if
the vane could somehow be centered "by feel," tightening each cover's four securing
screws completely skewed the alignment. Finally, no method was employed to prevent
the vane from rubbing directly on the copper covers. A basic understanding of tribology
indicates that two similar metals should not be permitted to slide relatively; naturally the
shiny copper of the vane and the bore spalled repeatedly, as shown in Figure 3.1. In
addition the Garolites, a very hard and relatively rough material, promised to rapidly
wear away seals.
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Figure 3.1 - Photo showing spalling of copper hydraulic motor and vane and cover. Green shaft is
made of Garolite* and Rulon J bushing employed.
After a number of trials, replacement vanes and shafts were machined out of solid
Dupont Delrin* 500 AF. [6] This material is comprised of 20% Teflon® PTFE Fiber in
Acetal Homopolymer and offers reduced friction in sliding applications. It has proved
sufficiently durable for the application; however, Acetal is not sufficiently hydrophobic
for long term use, gradually swelling over time, which, in the current prototype,
necessitates removing vanes between trails and storing them dry. The vane design was
maintained substantially the same, however the faces were pocketed to a depth of 0.004"
(0.10 mm), as shown in Figure 3.3, so that only the edges rubbed on the bore and covers,
to facilitate a tighter seal and decrease friction. Careful measurements were made of the
bore diameter and depth and each vane was machined to have clearance of approximately
0.002 - 0.003" (0.05 - 0.08 mm) on all four sliding faces, then hand fit with sandpaper.
In order to facilitate proper and repeatable alignment of the covers during
installation they were "keyed" to the motor bodies, so that a male feature of each cover
snugly engaged a female feature of every body. The inside cover faces, diameters and
mating surfaces were skimmed to remove damage from spalling, such as that shown in
Figure 3.1; guarantee proper concentricity; and correct warpage, which had occurred
during previous cover removal, accomplished by prying apart the tightly fitting covers
and body with screwdrivers. Bearings, vanes and seals were then centered with respect to
this rework. This was an expensive and time consuming procedure, as each part had to
be individually mounted and aligned, whereas incorporating such features during initial
manufacturing would be straightforward. The motor components are not interchangeable
and are now marked for consistent assembly. In addition, four jackscrews holes were
added to each cover through which plastic screws are inserted to push apart the motors'
covers and bodies without damage. Four utility holes were also added to each cover.
Drawings of the main modifications to the hydraulic motors are included in
Appendix E, Selected Drawings. They are intended to be representative of the repair
procedures; better solutions can be developed during a complete redesign.
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The shaft bearings were made from stock Rulon J*, reinforced PTFE; however
bushings are not intended for precision alignment. The manufacturer, Tri Star Plastics,
was contacted and they recommended an uninstalled diametrical running clearance of
0.005" (0.13 mm), followed by a diametrical press fit of 0.002" (0.05 mm). [32] This
would have allowed an unacceptable amount of play, which would have hindered
alignment as well as permitted leakage around the shaft from one chamber to another.
Therefore, the shaft diameter, within the bearing region, was enlarged from its original
0.875" (22.23 mm) to 0.900" (22.86 mm). New Rulon bushings were press fit into their
pockets and then turned down to have a diametrical clearance of 0.003" (0.08 mm), the
minimum which permitted smooth motion. Tri-Star warned that greater clearance was
needed to accommodate expansion due to frictional heating. The MRI-Bot operates
slowly enough that this is not a problem, and the working fluid absorbs extra heat.
The external Teflon* rings were unable to provide a seal; seconds after charging
the system with fluid, it leaked out and was replaced with air bubbles. As Teflon
deforms permanently, it is not appropriate for most dynamic applications. Complex seals
involving spring-loaded lips were investigated as a low friction replacement, but they
were not indicated for the MRI-Bot application. [23] O-ring type seals seemed to offer a
simpler solution. [19], [24] A variant the quad-ring from Eriks was selected, part Q4118-
N70. [7] With its "X" profile, rather than "0", two edges contact the shaft to provide
excellent sealing with low friction. The 0.103" (2.62 mm) cross section is only 10%
compressed.! Material is 70 Shore A Nitrile Black Rubber (NBR).2 The seals were
lubricated with silicon, Parker Super-O Lube, McMaster part # 9463K33. [21]
Figure 3.2 - Photo of encoder discs and handles.
Seal compression is calculated by subtracting the shaft OD from the seal gland (enclosure) ID and
dividing by the seal's cross-sectional width. Quad rings are sized to fit a range of shafts; circumferential
seal contraction is ignored. Rings should be sized and installed so that the ring does not rotate in the
groove with the shaft. This is accomplished by limiting ring ID stretch to a maximum of 15% and making
the straight-sided groove rougher than the shaft. The glands should be in the softer material and the
minimum shaft roughness 5 pin RMS otherwise there will be no lubrication. Larger rings are more stable
in dynamic situations.
2 80 durometer is better for rotary applications, but 70 is more common.
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Figure 3.3 - Modifications to hydraulic motor, seal cartridge, jack screw holes, Delrin* vane and
alignment features between covers and bore.
Following the guidelines of various seal design handbooks, dynamic seals around
a shaft should be free to center themselves, therefore their housing should be able to
move independent of the shaft's bearing's support structure. This was accomplished by
fitting the Q-ring dynamic seals into the ID of Lexan* seal cartridge, shown in Figure 3.3.
This in turn was fitted with an O-ring around its OD, Eriks part #2-125-70, in 20%
compression. A corresponding pocket, having a slight lip, was milled in the covers of the
hydraulic motors. The seal cartridge was then pressed into the pocket and secured by the
lip.
With a limited range of travel, it was necessary to determine the vane position
from outside the hydraulic motors. This was rectified by adding a tri-lobed profile to one
side of each shaft, to which a combined handle and indicator was fitted and secured with
a setscrew, as shown in Figure 3.2. Likewise, a disc with angular markings was fitted to
the utility holes. This had the added benefit of helping to secure the seal cartridge
preventing it from popping out under pressure tests. Later, if an MRI compatible encoder
is added to this prototype, it can be mounted to these same holes. The tri-lobed profile
later served for mounting testing apparatus.
The input motors were found to be especially prone to friction; this was traced to
the difficulty in aligning their shafts with those of the E-motors. This was addressed
through the addition of a flexible coupling. Compare Figure 2.2 to Figure 5.1.
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3.2 Priming System, Hoses & Fittings
The MRI-Bot's double acting design resulted in each pair of motors having two
independent fluid paths that need to be primed in a bubble-free manner with an
appropriate fluid. Though dissolved gases are acceptable and do not cause performance
degradation, bubbles add compliance and are not acceptable. In addition, it is expected
that the system will be transported empty and with the hoses disconnected. It will then be
assembled onsite with the electronics in the MRI control room and the hoses snaking
through a port in the wall to the patient actuation module located on the bed in the MRI
chamber.
The system shown in Figure 2.2 could not successfully be primed. As shown in
Figure 3.4, for each circuit, both valves were opened and a peristaltic pump, drawing
working fluid from a bucket, was connected to one side. To the other side a return line,
leading back to another bucket, was attached. Fluid was expected to somehow work its
way into the motors. This required each of the four circuits to be charged separately,
entailing repeated connecting and disconnecting hoses, as well as snaking the
unnecessary return line into the MRI chamber.
The peristaltic pump was not needed; a standard aquarium pump would be just as
useful and recommended is the Pentair Aquatics Quiet One 1200, which conveniently
comes with /2" NPT hose fittings. A good supplier for all plumbing products is Aquatic
Eco-Systems, Inc. [1] In addition, to facilitate assembly quick release hose connectors
are recommended, McMaster-Carr parts 51545 K89 and 51545 K44.
0
0
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Return ho
KLLBucket
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Figure 3.4 - Diagram of prior fluid priming setup.
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The fluid setup was reengineered to provide reliable filling of all circuits
simultaneously from the input side and is shown in Figure 3.5 and Figure 3.6. During
priming the fill valves, bypass valve and reservoir valve are opened. Fluid is pumped
from the reservoir and driven around the circuit and exhausted below the fluid surface in
the reservoir, so as to prevent entraining air. The reservoir should be filled to the top to
prevent whipping of the fluid. During filling the vanes should be oscillated to drive air
pockets out of the motors. Then all four valves are closed and the system is ready for
operation. In addition, if the motors loose alignment due to internal leakage, the bypass
valve can be opened and the motors realigned. After usage, the fill valves, bypass valve
and air intake are opened. The pump then purges the system of fluid, returning it to the
reservoir with no spillage.
For consistency during testing the motors were numbered 1 through 4. Axis 1
was defined as E-motor #1 (labeling on motor) along with input motor #1 and patient
motor #3. Axis 1 was defined as E-motor #2 (labeling on motor) along with input motor
#2 and patient motor #4. These conventions are noted in Figure 3.6.
Reservoir
Fill valve
Reservoir
valve
Air intake "0
Pump
Leakage
"'CD
Cn
Cn
CD
Fill valve
Figure 3.5 - Diagram of current fluid priming setup.
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Figure 3.6 - Photo of reengineered fluid priming setup. Detail of bypass valve. Labels indicate
motor numbering convention.
The /2" NPT threaded and barbed fittings were retained, however all joins were
clamped securely with nylon Snap-Grip hose clamps, McMaster part #s 5246K67 (single)
and 9579K69 (double). Either are adequate and leak free. All screwed couplings were
treated with Teflon tape to render the piping system leak-free. The original valves were
found to contain a non-MRI compatible screw. On the patient actuation module they
were replaced with cheaper, completely plastic valves having a much smaller form factor,
which have functioned satisfactorily.
The originally selected hoses were Freelin-Wade Purflex* reinforced hoses, 2"
ID, 3/4" OD, hose having a durometer of 85 Shore A. They were found to be
unmanageably stiff; snaking two pairs from a control room to the MRI chamber would be
difficult. They were replaced with Freelin-Wade's Clear-Line HP*, part #lJ-705. [9]
They are manufactured of 80 Shore A durometer PVC, which yields excellent lateral
flexibility, and reinforced with nylon braid, which is expected to minimise radial
compliance. Specifications are provided in Appendix B. 1, Tubing Specifications.
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3.3 Working Fluids
Originally, the MRI-Bot was planned to operate with water as a working fluid,
however because of the leakage problems and a desire to lubricate the vanes, in a futile
effort to prevent spalling, the robot, as received, was operated with standard hydraulic
fluid. This was messy and entirely unsuitable for a medial environment. With the
revision, it was possible to return to a thinner fluid. Distilled water, water with Kool
Mist* additive, and diluted propylene glycol were explored.
Kool Mist*, from All Power Manufacturing, is a concentrated blue liquid mixed
with water to produce a machining cutting and lubricating fluid. It is non-toxic, free of
hazardous materials and does not cause corrosion, buildup or odors. It was tested as a
safe means to add lubricity and prevent the copper motors from oxidizing and increasing
friction. It did not prove advantageous over distilled water and when allowed to dry, was
found to leave undesirable green deposits inside components.
As it became apparent that, even with the carefully hand fitted vane, internal
leakage from one side of the vane would remain a problem, a thicker fluid was sought.
Propylene glycol was selected for its perfect aqueous solubility and consequently
controllable viscosity. It is non-toxic and was obtained in the form of Sierra* brand "pet-
safe" antifreeze. [26] This was mixed 50/50 with distilled water to obtain a batch of fluid
with viscosity approximately 28 times that of water. Properties are given in Section 8.2,
Laminar or Turbulent Flow?. Its performance has been satisfactory.
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4 Electric Motors & Amplifier Testing
The Kollmorgen electric motors (E-motors) were selected as providing sufficient
torque in a brushless, gearless, low friction configuration. Previous work with Newman
Lab designed robots indicated that motors from this family should provide sufficient
bandwidth and be smoothly back-drivable. Nevertheless, testing and validation was
conducted. The motors, Copley Controls AccelusTM controller card and Linux computer
were treated as a single block. For specification sheets refer to Appendix B.2, Electric
Motor - AKM43 and Appendix B.3, Copley Controls AccelusTM Card. In addition,
operation of the custom current sensors, though not yet implemented, was investigated.
They will later be used to provide real-time feedback of the current delivered to the
motors, from which the torque applied to the patient will be calculated, thus eliminating
the need for a force transducer.'
4.1 Torque Constant Verification & Current Sensor Readings
4.1.1 Testing Apparatus & Procedures
The Copley controller was tuned by IMT and is set to operate the E-Motor in
torque mode with a command input of -10 to +10 V. A proprietary control loop within
the controller maintains the desired torque. In order to test the motors' frequency
response a custom jig was manufactured which allowed the motor, mounted in its stand,
to be connected to an ATI load cell, model Gamma US-30-100. This has a resolution of
0.003125 lb-in (3.5314E4 N-m) around the z-axis and full details are given in Appendix
D. 1, Load Cell Specifications. The load cell and motor fixtured together are shown in
Figure 4.1.
adaptor
load
cell
bracket
Figure 4.1 - Electric motor fixedly connected to load cell via adaptor jig.
The Copley controller should have this capability; however the current feedback is contained within its
proprietary control loop and is not available as an output. This may change in the future.
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The E-motor shafts were machined with a male, tri-lobed profile, to mate with an
equivalent female profile in the hydraulic motor shaft. The same profile was machined
into the motor-to-force transducer adaptor, thus providing a secure connection, aided by a
set screw, to the motor shaft. The adaptor was, in turn, connected to the load cell with
four screws. The adaptor was furnished with eight mounting holes around a circle; these,
along with the tri-lobed profile, allowed for the motor shaft to be locked into 24 distinct
positions, so as to investigate possible positional effects.
Both E-motors were in turn mounted in the shown configuration. Not willing to
add the flexible couplings' dynamics to the system, care was taken to ensure that the load
cell was not skewed during mounting. Problems were checked for by reading the load
cell's output directly after mounting. For each test the following procedure was
employed which ensured consistent results:
1. Load cell was affixed to bracket and adaptor affixed loosely to load cell.
2. E-motor was loosened in its stand and bracket mounted securely to stand.
3. E-Motor tightened to stand and then adaptor to load cell.
4. Set screw securing adaptor to the shaft was tightened.
5. For subsequent trials, in order to vary shaft position, the E-motor was loosened,
the screws securing the adaptor to the load cell removed, the adaptor and shaft
rotated by 450, the screws replaced, and the E-motor retightened.
6. The load cell was zeroed before every trial.
A Tcl script was written to feed the controller voltages in steps lasting 2 s from -10 to
+10 V in 0.5 V increments. Simultaneously recorded at a sampling rate of 1000 Hz were
the time, input voltage sent to the selected axis, z-axis torque recorded by the load cell,
position to verify that the motor had not slipped and the current sensors' two voltages. In
addition, using a separate Windows computer and cable, the Copley controller was
accessed and the current noted by hand. The data was processed post testing in order to
extract the voltage/torque constants (K,), to be used in running the system, and verify the
motors' specified current/amplitude constant (Kt).
4.1.2 Current Sensors
The motors are commutated by controlling the current in the three windings,
labeled A, B and C, surrounding the permanent magnet rotor. As the motor turns, the
current in each winding describes a sinusoid offset from the other two by 1200. This is
shown in the following figure as rotating phasors, courtesy of Celestino, to whose thesis,
Chapter 4, readers are directed for further information. [4] Given the current in any two
phases (IA and Ic) it is possible to calculate the current in the third as well as the
magnitude (1).
IA =I cos(a) (4.1)
IA = I cos(a + 2/3 7r) (4.2)
2 The Gamma load cell has over travel protection to decrease the chance of damage, however one axis were
to be so loaded as to bottom out the readings from all the other axes would be affected too.
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IA =Icos(a+4/3;r) (4.3)
IA cos(4/3;r)- Ic (4.4)
a =arctan Isn4/3rK ' sin(4/37r))
I IA) 
(4.5)
I= aAu
cos(a)
Figure 4.2 - Three phase current. Circle radius is magnitude and each phase is separated by 1200,
thus the single angle measurement (a) is sufficient to describe all three phasors' position. The
current in each phase is the corresponding phasor projected onto the real axis. 141
The MRI-Bot's electrical panel is fitted two pairs of custom current sensors,
designed by H.I. Krebs, one for each axis.3 Thus it is possible to measure A and Ic for
each motor. A schematic is included in Appendix B.4, Current Sensor Schematic, as well
as a table of their precisely measured resistor values, necessary in order to accurately
convert voltage read from the sensors to current. The current sensors operate by placing
a nominal 0.1 Q resistor in series with the output line then measuring the voltage across
that resistor. The voltage divided by an equivalent resistance (Req), including this and
two other resistances from the sensor, yields the current in that phase. This is detailed
further in the appendix where mention is made of the sensitivity of the calculated
torque/current constant to measured resistor values. Thus, the torque calculated from the
sensor readings was expected to differ from the Copley readings by a constant multiple,
which would not pose a problem.
While it was possible to reliably calculate the current's magnitude, it was not
possible to determine its sign and thus the direction of applied torque. For a given motor,
a single sample provides two voltage values corresponding to currents, but no
information regarding whether a is changing and in what direction. Adding a current
sensor to the third phase would be redundant and not address this problem. Thus there
are two options for correctly retrieving the current's sign: 1. Look at the derivative of a
3Two additional pairs are installed; however they are for equipment not currently connected.
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by considering past and present values. This will not work if the rotor is locked in
position, as with static tests, and is fraught with the usual noise susceptibility difficulties.
2. Assume that the sign of the command voltage is the same as that of the current and
adjust the magnitude's calculated sign accordingly. This is the solution that was selected
as most expedient; however it may not serve in the long run. The purpose of the current
sensors is to provide a real-time measure of motor torque since the torque commanded,
and transmitted to the controller via the command voltage, is not instantly implemented.
Thus, during a torque reversal there may be a moment when the sign of the command
voltage does not align with the actual torque. The implications of this will have to be
carefully evaluated before employing the current sensors with a patient.
4.1.3 Results & Discussion
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Figure 4.3 - Sample Axis 2 torque constant test results from a single locked position. Top: Left:
Regressed data points showing the torque/voltage curve. Right: Current sensor readings converted
to current vs. voltage points. Middle: Left: Raw voltage and torque data vs. time. Right: Raw data
from two current sensors vs. time. Bottom: Left: Position plot indicating that motor remained
secured (a few encoder counts of motion are normal). Right: Current calculated from two sets of
sensor data points, regressed and compared to Copley's readings.
At each position the motor was tested with 20 steps spanning -10 to 10 V and a
figure, such as Figure 4.3, produced. In order to avoid any transients, only the middle
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0.5 s of each "step" was selected and averaged to obtain a data point each for torque
recorded with the load cell and voltage from the two current sensors. These data points
were plotted in the two upper plots. The two middle plots show the raw data from which
the data points were extracted. The plot in the lower right hand corner shows the current
magnitude, calculated with Equations (4.4) and (4.5), and compares it with.the manually
collected Copley readings.
From this data a torque/voltage constant (Ky), the regressed slope of the plot in the
upper left corner, is determined. The plot in the lower right hand corner yielded two
torque/current constants (K,), one from the Copley and one calculated from the current
sensor readings. Via a Matlab script these were automatically collected and plotted as a
function of the shaft's angular position. Figure 4.4 and Figure 4.5 show the results for
Axis 1 and Axis 2. These regressed values were then averaged and the torque constants
for each axis are shown above the plots.
The 0' point was chosen arbitrarily, but it coincided with a natural shaft rest
position, allowing a sine curve, representing the approximate locations of the 10 torque
ripples resulting from the 5 motor pole pairs to be superimposed onto the Kv plot. No
correlation is apparent. Position dependence was further investigated, although any
torque ripple or cogging was not expected to be perceivable by the patient at the end of
the fluid transmission. Making use of all 24 testing positions, the testing of Axis 1 was
extended and the results are shown in Figure 4.6.
Here it was possible to discern the effects of the motor poles; however the
variation is at maximum 2.6% of the average value and previous work in the Newman lab
has indicted the minimum perceivable difference to be 7%. In addition, such minor
variations will be entirely negligible at the patient end of the fluid transmission. Looking
at the results from an individual positions, such as Figure 4.3, as expected, the
torque/current constant (Kt) obtained from the Copley did not agree exactly with that
obtained from the current sensors, however averaged across all positions they are both
equally accurate. From the right hand plots in Figure 4.4 and Figure 4.5 the Copley
yields 1.287 and 1.301 [N-m/A], for Axes 1 and 2, and the current sensors slightly less at
1.283 and 1.287 [N-m/A] respectively. The torque/voltage (Kv) constants, shown in the
left hand plots, are 0.354 and 0.358 [N-m/V]. The E-motors are interchangeable.
Table 4.1 summarizes the results of static torque testing of both axes, indicating
that the E-motors are performing according to specification. Initially, the E-motors
appeared defective, outputting only approximately 75% of expected torque. This was
traced to an error in programming the controller, whereby the maximum controller input
of 10 V was set equivalent to 2.74 A. The maximum continuous stall current is
2.76 ARMS. Therein was the problem; the Copley should not have been programmed with
respect to the RMS value, but rather to the current magnitude. When the specified
Kt= 1.72 N-m/ARMS is divided by /2 it yields K, = 1.22 N-m/A. This compares
favorably with the empirical results from the Copley and sensors which average
1.29 N-m/A. Currently the maximum obtainable torque is 3.5 N-m, well below the
motor's rated stall torque of 4.70 N-m, but in order to maintain consistency it was
decided not to change the Copley settings, leaving untapped torque to be activated if
necessary.
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Torque vs. Command voltage for various positions
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Figure 4.4 - Axis 1 torque constant results. At left K, (*), dashed line indicates approximate pole
positions. At right Kt, readings from Copley (*), magnitude calculated from current sensors (o). The
data points were averaged to yield torque constants, shown at top.
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Figure 4.5 - Axis 2 torque constant results. At left K, (*), dashed line indicates approximate pole
positions. At right Kt, readings from Copley (*), magnitude calculated from current sensors (o). The
data points were averaged to yield torque constants, shown at top.
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Figure 4.6 - Extended testing of Axis 1 in 24 positions showing K, for each. Dashed line indicates
approximate position of 10 expected torque ripples resulting from the 5 motor poles.
Table 4.1 - Summary of Electric motor testing results compared with specifications
Motor Specifications Rated torque = 3.76 [N-m]
Continuous stall torque = 4.70 [N-r] 4
Continuous stall current = 2.76 [ARMS] + 3.90 [A]
K, = 1.72 [N-m/ARMs] ± 10% + 1.21 [N-m/A] 7%
5 pole pairs
Copley controller 2.74 A = 10 V command
settings Thus, 10 [V] should yield ~ 3.32 [N-m].
Empirical results Torque/voltage constant (K,):
Axis 1: 0.354 [N-m/V]
0.3587 to 0.3502 [N-m/V] (2.4% of average)
Axis 2: 1.358 [N-rn/V]
0.3518 to 0.3611 [N-m/V] (2.6% of average)
Torque/current constant (Kt):
Axis 1: 1.283 [N-m/Amp]
1.2339 to 1.3268 [N-m/V] (7.2% of average)
Axis 2:1.287 [N-m/Amp]
1.2295 to 1.3233 [N-m/V] (7.3% of average)
4 This should be below the rated torque; Kollmorgen
1000 C.
indicates that this was tested with the windings at
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4.2 Friction
E-Motor friction and cogging is minimal in comparison to the friction within the
hydraulic motors, nevertheless testing was conducted to estimate the static and dynamic
friction, as well as note the effect of the five pole pairs. To conduct this testingthe motor
was removed from its stand and upended. The load cell and adaptor were connected to
the shaft, as with the previous testing. The motors were energized, but not sent any
current, and then the load cell was manually rotated at a relatively constant speed
clockwise through 3600. Time, position and torque were logged. Position vs. time was
plotted to verify that the shaft had been rotated smoothly and torque vs. time was plotted
for review and the results from both axes are shown in Figure 4.7.
Distinct differences were felt depending on the motors' state: 10 distinct bumps
felt when un-energized; 5 less distinct ones when energized. Thus, any passive testing of
the MRI-Bot involving the E-motors should be conducted in the energized state. Motor
#2 was perceived to be marginally more "springy." This is evidenced by the regions of
seemingly positive friction in the second plot, whereby after passing through a pole the
shaft received a little kick in the same direction as it was being rotated. The force
necessary to rotate the shaft measured up to 0.11 N-m for Axis 1 and 0.12 N-m for
Axis 2. There was no noticeable spike corresponding to breakaway friction; this is to be
expected with ball bearings. This exceeds Kollmorgen's frictional specification of
0.038 N-m.
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Figure 4.7 - Results of E-motor friction tests showing raw data with dips and peaks in friction force.
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4.3 Static Frequency Response
4.3.1 Testing Procedures
Finally, considering the functional requirement of 15 Hz maximum frequency
component of human motion, static frequency response testing was conducted of the E-
motors to verify that the E-motors and controllers combined provided sufficient
bandwidth, as well as identify the combined lag. The motor and load cell were mounted
in the same configuration as before. Then another Tcl script was written to input sine
waves of 5 V amplitude, corresponding to torque of 1.30 ft-lb (1.76 N-m). The script
incremented automatically through 16 frequencies spaced equally on a log scale from 0 to
100 Hz. Time, command voltage, output torque and position were recorded at 1000 Hz.
After testing and viewing the results, testing of Axis 1 was extended to 150 Hz to see if
the observed trends continued.
Each "trial" corresponded to a specific amplitude and frequency and a "test"
corresponded to a complete set of trials for each motor. Post collection the data was
loaded into Matlab and various methods tested for handling these curves, including zero
crossing detection; however the most reliable proved to be fitting a sinusoidal curve of
the form
f(t) = A sin(Bt + C) (4.6)
Matlab' s fit function was used to retrieve the amplitude (A) and phase (C) of the
output torque. The input curve was also fit, solely to retrieve the phase because of
various timekeeping issues, later corrected. The phases returned ranged from 1800 to
-180* and these had to be unwrapped by subtracting 2a to obtain a smooth phase shift
plot. Likewise negative amplitudes were reversed. Transients did not significantly affect
the curve fit.
The timekeeping issues deserve a brief mention to make future testing easier. The
tests were initiated by a Tcl scrip which, in turn, called various stop and start functions
and the controller which produced the sine wave, all running in the lower C-level code.
Tcl is not designed for timekeeping, thus there were time lags between commands and
actual stopping and starting tests which resulted in the sine waves beginning in arbitrary
phases, as opposed to 00, as well as extending beyond the desired 5 cycles, timed in the
Tcl code. This was rectified by moving all timekeeping into the C-level controller,
whereby the Tcl code merely passed in all the parameters, such as the desired number of
cycles, before the controller executed.
For visualisation purposes, the magnitude ratio and phase is plotted versus
frequency in Hz. Then, in order to conform to the Bode plotting norms, the magnitude
ratio in dB and phase are plotted vs. angular frequency in rad/s on a log scale. The
frequency response results for the two axes are shown in Figure 4.8 and Figure 4.9.
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4.3.2 Results & Discussion
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Figure 4.8 - Axis 1 E-motor frequency response.
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Figure 4.9 -Axis 2 E-motor frequency response. Testing to 100 Hz.
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The 3 dB cut-off, which corresponds to a 50% reduction in input power, of the
combined motors and amplifier system does not occur until 62 and 56 Hz (390 and 352
rad/s) for Axes 1 and 2 respectively. Magnitude (M) and lag (p) decrease linearly with
frequency (/) in Hz, in detail:
Axis]: M = -0.004639(f)+0.99332 (4.7)
Axis 2: M = -0.0051625(f)+0.99425
Axis 1: p = -1.0838(f)- 2.8198 (4.8)
Axis 2: p = -1.0993(f)- 2.9659
Looking at the fitted curves the two motors appear to be remarkably similar performers
and may be interchanged. During testing high pitched whining of increasing amplitude
was heard from 25 Hz onwards emanating from the E-motors, but it did not appear to
signify a problem. Since the motors were locked in position this may have been due to
rapidly shifting currents in the phases corresponding with encoder jiggle.
Considering the semilog plots in Figure 4.8 and Figure 4.9, the combined motor
and amplifier system acquire slopes of 6 to 10 dB/decade. This indicates a nonlinear
system. From the same plots, pure delay, which would be manifest as a linear,
downwards sloping phase, is minimal. Figure 4.10 is a sample plot from a single trial at
100 Hz. This demonstrates the ability of the curve fit to accurately capture phase, but
shows the small magnitude errors that were evident at higher frequencies. There is a
delay on the order of 2 ms between the command signal and any torque being recorded,
see circled area. This is consistent with previous work in the Newman Lab which found
such delays to be associated with the combined amplifiers and computers. The curves
appear choppy; this is due to the fact that the sampling frequency is only 1000 Hz, only
10 times the oscillations' frequency.
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input f = 100 [Hz], A = 5 [V]
2
- - - input
1.5 ----- ------------- output
\- ------\ f it
... 0 .5 - - -- - - - ---- - - --- - -- -- -- -- - --i~ - ---/E/
0 . 1 .-.- 4 -.- -
time [s]
Figure 4.10 - Plot exerted from Axis 2 test results showing input torque and output torque and its
curve fit. Brief transients on the millisecond order are visible. Minor inaccuracies, whereby the
curve fit does not capture the full magnitude of the output curve, are visible. Circle denotes delay of
interest.
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5 Hydraulic Static Frequency Response Testing
Frequency response testing was conducted in order to determine the operational
bandwidth and torque transmission of the MRI-Bot's fluid transmission. To recap, the
computer, amplifier and E-motor subsystems had already been tested, as described in
Section 4, Electric Motors & Amplifier Testing, and their performance in terms of torque
output and frequency response was found to be satisfactory'. Building upon those
results, this section details the testing of the hydraulic transmission.
5.1 Testing Apparatus & Procedures
For static testing the fluid system was assembled and each axis tested
independently. The patient motor's shaft was press fit into a specially-designed adaptor
and secured with a set screw. This adaptor was, in turn, affixed to the Gamma load cell
connected to the same bracket used during testing of the E-motors. The E-motor and
input motor were coupled in the standard configuration. The setup is shown in Figure
5.2.
Figure 5.1 - E-motors connected to input Figure 5.2 - Static testing apparatus
motor via a flexible coupling. connected to patient motor.
The test apparatus was designed to be stiff so that its dynamics would not be
excited. FEA was used to estimate its first natural frequency as on the order 1000 Hz.
This corresponded to bending of the load cell support bracket back and forth, which
would not register as torque around the load cell's z-axis. The more likely mode to be
excited and recorded in testing is the oscillation of the load cell along the axis of the
motor shaft. Based on the inertias and torsional spring constant of the load cell,
excitation was predicted at frequencies above 1000 Hz. Thus, the test apparatus was not
expected to be excited at the testing frequencies.
Frequency response testing of linear systems is generally conducted efficiently via
an inputted sine wave of increasing angular frequency or a "chirp." This was not possible
with the MRI-Bot since the nonlinear response was expected to be amplitude dependent,
'As afore mentioned, due to an error in programming the controllers, the electric motors did not output the
expected torque.
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i.e. the magnitude vs. frequency curve was expected to shift depending upon input signal
amplitude. Moreover, at low frequencies and/or high amplitudes the vane travelled to its
extents and "crashed" into the stop. Any data obtained from a trial where crashing
occurred had to be excluded from analysis.
A number of trials were run before a standard priming and testing procedure was
developed which yielded repeatable curves. Care was taken to eliminate or reduce
unreliable parameters. The biggest problem encountered was misalignment between the
coupled E-motor and patient motor shafts and the patient motor bore causing high,
unrepeatable friction each time the shafts were connected. This was addressed through
the addition of the flexible coupling, shown in Figure 5.1. Additionally, the vanes and
motor bores had to be hand sanded and polished repeatedly until smooth rotation was
achieved. This is the point where the Delrin vanes, while reasonably hydrophobic, were
found to slowly absorb water and swell over the course of a week, thus reducing
clearances and causing an unacceptable increase in friction followed by outright
jamming. Therefore, between series of tests the vanes were removed from the housings
and allowed to dry in the air for a few days. This afforded the opportunity to re-lubricate
the dynamic seals with Parker Super-O Lube and polish the copper bores to a high shine
with MASS' polish so at to reduce frictional variation. 2 The testing procedure was as
follows:
1. Vanes dried, motors hand polished and lubricated.
2. Patient motor connected to force transducer and vane set at 1350 position, midway
between its limits of travel.
3. Bypass, fill and reservoir valves opened and pump run for approximately 5 min.
Fluid circulated until no more bubbles visible in hydraulic lines. The process was
aided by gently shaking the patient motor and oscillating the input motor vane.
Once complete, fill valves closed first, followed by bypass and reservoir valve.
4. Input motor vane turned to 1350 midpoint.
5. Each motor fed sine waves of the form Asin(ot+p) where 9 = 0. The sine waves
ran automatically for 5 cycles.
6. Input motor vane observed for crashing and incidents noted.
7. Data logged at 1000 Hz: Time, Input voltage, Torque, Two (2) Current sensor
voltages, input vane position (this one is free to move).
Testing was conducted for 2, 4, 6, 8 and 10 V inputs which, using an average
torque constant of 0.263 ft-lb/V (0.356 N-m/V), corresponded to torques of 0.526, 1.052,
1.578, 2.014, 2.63 ft-lb (0.712, 1.424, 2.136, 2.848, 3.560 N-m). Williams estimated the
required torque delivered from the patient motor to be 0.885 ft-lb (1.20 N-m). For each
amplitude, a sweep of frequencies from 0.25 to 20 Hz was employed with finer
graduations at low frequencies; in detail: 0.25, 0.5, 0.75, 1, 1.5, 2, 4, 6, 8, 10, 12, 14, 16,
18, 20 Hz. A Tcl* script was written to accept inputs of frequency, amplitude and axis
and execute a voltage sine wave for five cycles. Sampling occurred at 1000 Hz.
2 Silicon base Parker Super-O Lube* was applied in a thin layer to the dynamic seals. MAAS* Metal
Polish, containing ultra fine jewelers' rouge in a cr~me base was selected; personal experience indicated
that it shined quickly and inhibited oxidation. [20]
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Testing was conducted with water in both 16" and 12' hoses and the antifreeze
mix in only 12' hoses. The 16" hose data was useful for providing data to which a
system model could be fit, however the 12' hoses represented a more realistic operating
condition. All tests were conducted with the motors upon the same level and the hoses
supported, and stretched out in a straight line, with no kinks or bends and minimal dips.
During testing, although no fluid leaked out from the system, occasionally air bubbles
were observed forming in the lines, presumably from air trapped in a fitting or crevice
and the coalescence of tiny bubbles. When this was observed, the system was recharged
between tests and it was not deemed indicative of a problem. In addition to removing
interior crevices, a smoother filling procedure that does not tend to "whip" bubbles into
the fluid would be advantageous; degassing would be unnecessary and excessive. 3
As expected, the considerable amount of machine rework and hand fitting of the
vanes required to obtain four functional motors resulted in each having a "personality."
Axis 1 and Axis 2 were not expected to perform identically and they produced similar,
albeit shifted, curves. In particular, from hand manipulation and supported by data in the
following section, Motor #1, connected to the Axis 1 E-motor, was identified as
consistently harder to turn. It is suspected that the bore has become out-of-round.
Frictional effects were difficult to reliably quantify as the vanes when passing through the
midpoint were observed to become wedged between the stop and bore wall. This is
shown in Figure 5.3. Stiffer shafts and better bearings would address this issue.
Figure 5.3 - Arrow indicates position in which vane experiences most resistance to rotation
5.2 Hydraulic Motor Static Friction
The hydraulic motors are defiantly not friction free, however the motors' limited
range of rotation made dynamic testing difficult. Manual testing seemed to indicate that
there was a minimal breakaway torque that had to be reached before motion would occur.
Thus, concurrent with setting up for static testing an estimate of breakaway torque was
obtained.
3 Degassing to remove entrained and absorbed gases is accomplished by pulling a vacuum on a fluid and
could be most easily accomplished by placing a bucket containing the MRI-Bot working fluid under a glass
bell and attaching a vacuum pump. The current filling procedure, however, would reintroduce bubbles.
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The two input motors #1 and #3 were in turn filled with fluid and the bypass valve
opened to prevent pressure building up.4  Then using the manual interface to the
RT Linux controller, for each motor, the command voltage was slowly ramped up from
the negative and positive direction, just until the vanes were observed to move slowly.
The voltages were recorded and converted to torques via the previously determined
voltage constant. This is summarised below and the average values noted.
Table 5.1 - Measurement of Hydraulic motor breakaway (friction) torque
Water 50/50 Antifreeze
Axis I - -1.0 & 0.9 [v] = Ave: -1.4 & 1.1 [v] = Ave:
Motor #1 -0.26 & 0.24 [ft-lb] 0.25 [ft-lb] -0.37 & 0.29 [ft-lb] 0.33 [ft-lb]
0.34 [N-m] 0.45 [N-m]
Axis 2 - -0.8 & 0.9 [v] Ave: -0.9 & 0.9 [v] = Ave:
Motor #3 0.21 & 0.24 [ft-lb] 0.23 [ft-lb] -0.24 & 0.24 [ft-lb] 0.24 [ft-lb]
1_ _ 0.31 [N-m] 1 0.33 [N-m]
There is an insignificant difference between fluids, indicating that that the
breakaway torque is a descriptor of the motor's physical characteristics, rather than
viscous damping between the vane and the motor bore. There was a clear, observable
difference between the torque needed to break-out the motor and that to keep it in motion.
This, however, could not be quantified with manual testing, since after break-out the
motors soon reached their limits of travel. Were the motors able to rotate freely, it would
have been easy, after ramping up to the break-out torque, to slowly lower the torque until
motion ceased and thus obtain an estimate of the friction torque while running. Applying
a velocity controller and recording the torque applied to maintain a series of velocities
would have provided an estimate of the viscous damping constant. A variant of this
whereby a controller could be written that ramps up voltage until motion is detected, then
backs off until motion stops could provide similar results within the MRI-Bot's
limitations. However, considering the generally oor motor operation, even after rework,
various wear effects, the tendency of the Delrin vane to expand and the necessary hand
work between tests, this level of precision was deemed unnecessary.
5.3 Results
5.3.1 Data Analysis
Each "trial" corresponded to a specific amplitude and frequency and a "test"
corresponded to a complete set of trials for a given fluid, hose length and axis. Once a
reliable testing procedure had been developed the torque outputted at the patient motor
acquired a sinusoidal profile, having essentially the same frequency as the output.
Various methods tested for handling these curves including zero crossing detection,
however the most reliable again proved to be fitting a sinusoidal curve of the form
4 Dry the motors had no resemblance to the fluid filled state therefore; measuring friction when dry would
be meaningless.
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f(t) = A sin(Bt + C) + D
The same code as used with Section 4, Electric Motors & Amplifier Testing, was
improved and expanded. Initially, this was not a reliable process due to a bug in the
Matlab fit function which resulted in some curves fitting with extremely low frequencies
and amplitudes. Upgrading Matlab to the latest version, R14, SP3, completely addressed
this problem.5 By applying this curve fit both the amplitude (A) and phase (C) of the
output curve are retrieved. A DC offset, of unknown origin, was observed in the output
torque curves and this necessitated adding the final term (D). The phases returned ranged
from 180* to -180' and these had to be unwrapped by subtracting 27c where necessary to
obtain a smooth phase shift plot. Likewise, negative amplitudes were reversed. The
offset values were stored and plotted solely as a way of detecting errors in testing, such as
a severely biased load cell, due to improper mounting. As before, this was also checked
by reading the load cell's output directly after mounting. This curve fitting was
considered "custom" by Matlab and, in order to execute successfully, it was necessary to
provided initials guesses for the amplitude, calculated by subtracting the minimum from
the maximum of all the recorded data points, and frequency, which should be the same at
the input frequency. Strictly speaking, the frequency response is only defined once any
transients, necessary for reaching the steady state have died out. Therefore, after viewing
the plotted outputted torque excluding the first 100 ms of data was deemed sufficient to
eliminate any time lags and other transients.
Incidents of crashing were identified by direct observation of the indicator
mounted outside the input motor, listening for telltale clunking and viewing of the plotted
position vs. time data mid-processing. For each test an "exclusion" matrix was
assembled identifying the worst trials so that they could be excluded from the plotted
frequency response data. The patient torque data also indicted crashing as a sudden drop
followed by a region of zero torque. It is this drop which caused the curve fitting to yield
unrealistically low amplitudes and these points were excluded. As a further limitation,
even where the curve fit did follow the output data, if crashing had occurred, the input
torque was unable to reach its full value and consequently, the input torque was stunted.
For each test the input vane positions were plotted for viewing. Then the input
and output torque curves were plotted along with the curve fit. A sample of each is
shown in Figure 5.4. It can be observed that the input vane position does not oscillate
around its centre position, as might be expected; rather it tends to travels to one side and
oscillates there. This occurs because the first torque pulse begins at zero and executes a
half sine wave, thus driving the vane in the direction of the initial torque, then the return
negative pulse can only carry the vane back to the centre position.6 In hindsight, the
system should have been inputted cosine curves. This would have allowed the vane to
travel further and decreased the incidence of crashing.
5 The moral of the story is to always inspect the graphical, not just numerical, results of any Matlab data
processing.
6 This may also be shown formally by equating torque with acceleration and integrating sin(cot) twice with
all zero initial conditions.
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Figure 5.4 - Sample curve fitting (left) and input vane position (right), Axis 2, 12' hose, antifreeze
Additionally, from these plots it is possible to obtain an estimate of delay. The
plots at right show that the input vane commences motion nearly immediately, whereas at
left, the torque is not seen immediately at the patient vane. This allows the transmission
delay with the 12' hoses to be estimated at 0.04 s. This was consistently seen in all 12'
hose plots, regardless of fluid or axis. Similarly, with the 16" hose plots delays of
approximately 0.015 s were observed. Dependence on frequency and amplitude was
noted but not exhaustively investigated.
5.3.2 Frequency Response Plots
Each trial generated a single data point consisting of input amplitude, frequency,
output amplitude and phase shift. Post testing a sampling of collected data was plotted
and examined. In general, the 2 V amplitude, though above the breakaway torque level,
yielded useless results and was removed from the plots. The 4 V responses were also
irregular, but were retained with the 16" hoses, but not the 12'. As before, the response
data was presented in two forms. The frequency response results of the six tests are show
on the following pages.
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Figure 5.5 - Static frequency response: Axis 1, 16" hose, water
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Figure 5.6 - Static frequency response: Axis 2, 16" hose, water
0 2 4 6 8 10 12 14 16 18 2
frequency [Hz]
Frequency response - Phase Shift
S
-0
0
0
-20
-40
-60
-80
-100
-120
14A
0
V
-0-
-0-
- - 4 [V] = 1. 052 [f t-lb]
-- ---------------------------- A 6 [V] = 1. 578 [f t-lb]
-- 8 [V] = 2.104 [ft-lb]
--- ----- - - ------- ------ - * 1 V .3[t ] -- --- 0 [ ] 2 63 [f t-Ib]
-- -------- --------- --- ----- ---- ---- ------- -------
----- ---  -- ----- ---- ---- --- ----- --- ----
- - ------------ ----------- ----- ------ 4 ------ ---- ----
2
10
3
10
> a . . - - .
. * * * i e i l i . : ' : i
Frequency response - Magnitude - semilog
r
Frequency response - Magnitude
A 6 [V] = 1. 578 [f t-lb]
------------------- 
---------------------- 
- 8 [V] = 2.104 [ft-lb] -
10 [V] =2.63 [ft-lb]
-- --------------- ------------------- ------------------- ------------------ -
------- -- ------- ----------------- -------- - -- -- - - ---
----------------- ------------ - - - ------------------- -------------------
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0 10
frequency [Hz]
0
E
0
--
15
-5
-10
-15
-20
-25
-30
-35
1
0
-50
-100
-150
-200
-250
-300
1
Frequency response - Magnitude - semilog
- ---- - I I F - 4 I --1-44 4-
-A--V]6=V].1578 [f tlb]
-0-- 8[V] 2.104 [f tlb]
-4--10[V] 2.63[f t-b]
0 1 2
0 10 10 10
frequency [rad/s]
Frequency response - Phase Shift - semilog
6 [V = 1. 578 [f lb]
-0--8EV ------f----
--- 10 [V] 2.63[f tlb]
10
frequency [rad/s]
2
10
3
3
10
Figure 5.7 - Static frequency response: Axis 1, 12' hose, water
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Figure 5.8 - Static frequency response: Axis 2, 12' hose, water
Is
II
U. I
t'J
0
A6 [V] = 1. 578 [f t-Ib]
- 8 [V] = 2.104 [f t-Ib]
--- - --- ---------------- 1-210 [I= 2.63 [ft-lb]
--------------- --------------- ---------------- -------------------
------------------- --------------------- ------- -----------------
------------------- ------------------------------------- --- -----------
-50
-100
-
-150
-200
-250
-
0
250 L
Frequency response - Magnitude
-A--6 [VI = 1. 578 [f t-Ib]
------------------- ------------------
- - 8 [V] = 2.104 [f t-Ib]
10 [V] = 2.63 [f t-lb]
- --------------------
---- ----- --------------------------------------------------------
--- ----- --- --------- --------------------------.--------------------
---------- --- ------- -------- ------ ---------- -----------------
------------------- -------------- --- ------------------ -- ---------------
0 5 10 15 2
frequency [Hz]
Frequency response - Phase Shift
A 6 [V] = 1.578 [f t-lb]
- ----------- ---------------- 
-- E- 8 [V] = 2.104 [ft-lb]
-- 10 [V] = 2.63 [f t-Ib]
------------ - -------------------------------------------------------- -
---------------- ------------------ --- --------- ------------------
------------------- ---------------- ------------------ -------------
0 5 10
frequency [Hz]
15
Frequency response - Magnitude - semilog
*0
E
-5
-10
-15
-20
-25
-30
35
0
1i
n
z"4
20
-50
-100
-150
-200
-250
-300
-350
1
- - L ------- L1 1 _L 1 - L I
- 6[V]= 1.578 [ft-Ib]
e -8 [V 2.104 [f tlb]
------ ----10 [V+ 263 [f't-+b
0 1 2
0 10 10 10
f requency (rad/s]
Frequency response - Phase Shift - semilog
--------- -- ---- - - --------- 
-
------------------- ----------- |----
A 6 [V] 1. 578 [ft tlb]
-0--[V] 2.104 [f tlb]
10 [VI 2.63 [f t-bJ
10
2
10
3
r10
frequency [rad/s]
Figure 5.9 - Static frequency response: Axis 1, 12' hose, antifreeze
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5.4 Discussion
Much data in the low frequency range unavoidably had to be excluded due to
crashing. Moreover, as friction was observed to increase as the vane approached its
limits, even if it did not crash, it is debatable whether dips on the low frequency side of
the magnitude curves are a characteristic of the fluidic or mechanical parts of the system,
or simply points that should have been excluded. Most likely the input side was never
able to reach full torque due to crashing, thus the output was reduced from its potential
maximum. The next prototype will definitely have to be manufactured with either much
better tolerances or alignment, if the sliding seal-free design is to be retained, or low-
friction seals will have to be incorporated. This will be discussed further in Section 11,
Leakage Elimination, and Section 12.1, Reduced Internal Leakage.
5.4.1 Magnitudes
In all tests Axis 2 was a substantially better performer; for example, with water
and 16" hoses the 10 V magnitude curve is essentially identical, but shifted upwards by
0.1 from Axis 1 to Axis 2. For purposes of discussion, primarily Axis 2 will be
commented upon with the understanding that Axis 1 exhibits the same trends, albeit with
a weaker response. As amplitude increases the magnitude curves draw closer together,
whether with increasing amplitude they would eventually asymptote is unknown, and is
not testable due to crashing. It is proposed that leakage across the vanes, which, along
with damping and inertial effects, constitutes lost torque is to blame for this phenomenon.
With increasing amplitudes, and thus differential pressure across the vane, leakage flow
increases, possibly approaching some asymptote. Moving to the 12' hoses with water
this trend continues and is somewhat more pronounced with the antifreeze mix.
The best response, shown in Figure 5.6, transmits 1.6 ft-lb (2.2 N-m), 70% of
available torque at 4 Hz. This is well beyond the functional requirement of 0.885 ft-lb
(1.2 N-m). Increasing frequency leads to a rapid decline in response. Looking at the
corresponding semilog plot suggest a break frequency of about 6 Hz after which the
magnitude curves acquire a slope ranging from 22 dB/decade at 4 V to 8 dB/decade at 10
V.' The 10 V curve reaches 50 percent at 20 Hz.
Inspecting Figure 5.8 where the hoses are 12' long the best response at 10 V is
63% of available torque. This increased loss is attributable to greater flow resistance and
inertial effects in the longer hoses as well as time delay. Now the break frequency is
approximately 1.5 Hz after which the curves slope downwards at a rate of between 17
dB/decade for 6 V to 13 dB decade for 10 V. The 10 V curve reaches a minimum of
25%. Then at 10 Hz they begin to rise at a rate of between 24 dB/decade for 6 V and 8
dB/decade for 10 V, until 16 Hz where they again fall at 20 dB/decade. Considering the
non-log plot the 10 V curve really only rises slightly from 25% to regain this value at 20
'This and all subsequent measurements are approximate and were made by hand with a ruler and calipers.
They are intended to be representative; to have used more precise means would have been unnecessary and
not in keeping with the relative imprecision of the source data.
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Hz. The "bump" at 16 Hz is of unknown origin and it disappears with increased
viscosity.
Contrary to expectations, using the antifreeze mix in the 12' hoses, which
increased viscosity 28 fold, did not improve torque transmission, rather the maximum fell
to 60% in Figure 5.10. This suggests that improvements resulting from decreased
leakage were overshadowed by some other effect, possibly increased flow resistance.
However, with the patient vane locked, fluid flow should be quite minimal and the
pressure wave's transmission should not be substantially affected by the change in fluid.
The curves shape changed, loosing the second "bump" and resembling more the curves
with water and 16" hoses. On the semilog plot, they begin relatively level, break at
around 6 Hz and then slope down at between 28 dB/decade for 6 V and 16 dB/decade for
10 V.
5.4.2 Phase Lags & Delay
While the magnitude curves are spread out as a function of amplitude, the phase
curves appear to lie much closer together. This, coupled with the relatively linear
decrease of phase with frequency, suggests that the predominant effect is transmission
delay, rather than the dynamics of the fluid transmission. Beginning with water and 16"
hoses both Figure 5.5 and Figure 5.6, excluding the unreliable 4 V curves, exhibit slopes
of 130*/decade. Alternatively, straddling the break point yields a slope of 900/decade.
Ignoring the unreliable 4 V curve, for both axes the phase lag reaches the region of 1000
at 20 Hz.
Lengthening the hoses to 12' yielded more tightly grouped phase curves,
suggesting that some small nonlinearities were being overshadowed. The curves in
Figure 5.8 have two clear segments one sloping downwards at 120*/decade and another,
beginning at 12 Hz, sloping steeply downwards at 4200/decade. Here, while the Axis 1,
Figure 5.7, and Axis 2, Figure 5.8, curves have similar shapes, Axis 1 reaches -268' and
Axis 2 -2460. Noting that when the shorter hoses were used the phase lags between axes
were essentially the same, this cannot be explained as simply "better performance"
relating to mechanical differences in the motors.
Considering the water filled long and short hoses allows an estimate of the pure
delay as a function of hose length to be made. At 20 Hz the respective phase lags are
-1000 and -245.6', for a difference of 145.60 corresponding to a 13.60 drop per additional
foot of hose (44.60 per meter), assuming phase lag at this point to be primarily due to the
time for a pressure wave to transverse the hose. Multiplying this by /180 and dividing
by the angular frequency yields a delay of 0.0019 s/foot (0.0062 s/m). Thus with 16" and
12' hoses respective delays of 0.0025 and .02274 s might be expected. This can be
successfully compared to the observable delays of 0.015 s and 0.04 s shown in Figure
5.4. For comparison, the speed of sound in open water is 4908 ft/s (1496 ms/), found
with Equation (8.53), for a delay of 0.002 s/ft (0.0066 s/m). If necessary, individual plots
can be examined to precisely determine delay as a function of fluid, axis, frequency and
amplitude.
Finally, switching to the antifreeze mix shown in Figure 5.10 yields a smooth,
concave down phase shift curve for which it is difficult to estimate a slope on the semilog
plot. The non-log curve exhibits a greater downwards slope; by 20 Hz the more viscous
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fluid has exceeded the aqueous curve by -25'. Because of internal leakage, the input vane
is free to move, and in a more viscous fluid greater phase loss would be expected. Again
and still unexplained, Axis 2 evidences slightly less net lag than Axis 1.
5.4.3 Conclusions
The Bode plot interpretation "rules" were developed for linear, or linearizable,
SISO systems. Thus applying them too strictly to a nonlinear system is unwise.
Nevertheless, indications are that the system is primarily second order with assorted other
higher-order effects overlaid. This is reinforced by Equation (8.39).
Aside from providing an indication of possible system performance, the static
frequency response tests highlight the importance of reducing leakage in order to design a
viable system. Not only will reduced leakage improve response, but decrease the chance
of crashing, which currently cannot be avoided without a particularly cunning control
strategy.2
The best course of action is to construct a mathematical system model, run the
same tests upon the model and compare its frequency response to the empirical data.
Then it may be possible to adjust the model to better fit the data. This is mentioned in
Section 9, Simulink@ Simulation.
2 Though the patient motors will be prevented from crashing by the patient's range-of-motion, the E-motor
will be operated in torque mode and free to migrate to one side or the other.
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6 Leakage Analysis
The results of the hydraulic system's frequency response testing suggested that
internal leakage (or "slippage," the hydraulic industry's term) from one side of the vane
to the other was the likely cause of poor torque transfer from the input to the patient
actuation, as well as the relatively large motion of the input motor, even with the output
motor locked to a load cell. Figure 6.1 shows all the regions of likely leakage. The vane
was fit as tightly as possible, however an estimated clearance of 0.002-0.003" (0.05 -
0.08 mm) was left on all four sliding faces, not considering the pocket depth of 0.004"
(0.10 mm). Decreasing this clearance would greatly increased friction; however there are
secondary regions of leakage which could possibly be eliminated in a redesign without an
appreciable increase in friction. There is internal leakage around the shaft in the region
around the bushing, where the diametrical clearance is 0.003" (0.08 mm), and past the
bushing in the region of the seal cartridge. More troubling is the large gap between the
bore and the circular boss of the two covers. Lastly, there is no guarantee of sealing
across the top and bottom faces of the stop except a close fit.
A proposed, albeit potentially messy, solution to reduce leakage is to smear
hydrophobic grease or silicon, such as Parker Super-O Lube, on the inside of the motor
including all crevices. After a short break-in cycle, provided internal pressure did not
cause blow-out, this would theoretically, improve performance at the cost of a small
increase in friction. This is detailed in Section 11, Leakage Elimination.
Figure 6.1 - Detail showing regions of internal leakage
6.1 Testing Apparatus & Procedures
Geometrical consideration of the various complex gap geometries suggested that
the leakage flow could not easily be modeled as either flow through a circular pipe or
between two flat plates. As is common in complex fluid systems, especially when flow is
almost certainly turbulent, empirical testing was necessary and more efficient. In order to
quantify the internal leakage rate as a function of pressure across the vane; the apparatus
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shown in Figure 6.2 was constructed. It consists of a 2 L capacity PVC pressure vessel
which can be filled with fluid via two valves; one receives a funnel and the other releases
displaced air. The cap unscrews for cleaning, but not filling, as it requires multiple wraps
of Teflon tape to seal. Pressure is supplied by a nitrogen bottle via two regulators, the
second providing fine control within the region of expected operating pressure. Pressure
is applied to the top of the cylinder forcing fluid out the bottom hose which is connected
to one of a hydraulic motor's ports. The other port is connected to the output valve and
from there to a graduated container. The vane is locked at midpoint.
Operating pressure was determined by idealizing the system as frictionless and
properly sealed to prevent internal leakage. Thus, for a given input torque it is possible to
calculate the maximal pressure across the vane is
(6.1)APh($,2-_ 2)
8
where T is the input torque, the pressure differential (AP), the bore diameter (qnb = 3.5"),
the shaft diameter ((p, = 1.25") and the vane height (h = 1"). Thus, for a given input
torque of 42.6 in-lb, corresponding with the motors' stall torque of 4.70 N-m, a maximal
pressure of 31.9 psi (0.22 MPa) could develop.
Figure 6.2 - Leakage testing apparatus
Testing was conduced at 16 pressures from 2.9 to 46.4 psi (0.02 to 0.32 MPa). The
procedure was as follows:
1. Regulator was turned to zero and the pressure vented.
2. Cylinder filled with fluid via two valves on top.
3. Three valves closed (including output valve on motor) and system pressurized.
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4. Output valve opened slightly until air bubbles cleared, then closed.
5. Output valve opened, stopwatch started, and regulator adjusted to compensate for
pressure drop due to flow.
6. Timing stopped once container full.
This test was not without errors; there was a minimal effect from fluid height differentials
and greater effect at high flow velocity from head loss in the apparatus's hoses.
However, both these sources of error are assumed negligible, especially given the manual
timekeeping and difficulty in determining just when the container was filled, a result of
the high flow rates and consequent splashing. Nevertheless, the results are believed to
accurately describe internal leakage.
6.2 Results
The two output motors, #3 and #4, were selected for testing and the results are
shown in Figure 6.3. Given that all four motors are near-identical they should be
representative and provide sufficient information for the system model. Motor #3 was
tested with water, having a dynamic viscosity of 1.455E 7 lbf-s/in (1.003 cP) and the
50/50 antifreeze mix having a dynamic viscosity approximately 28 times that of water,
4.036E~6 lbf-s/in (27.83 cP). Given the similarity of the two water curves only motor #4
was tested with antifreeze. Motor #3's higher leakage rate is not surprising since during
rework it was noted to be out of round and may have been "overworked." The Motor #4
results are believed representative of the design's characteristics.
Pressure vs. Flow Rate
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Figure 6.3 - Pressure vs. Flow Rate leakage testing for two motors with water and antifreeze
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6.3 Discussion & Modeling
Observation during testing, and consideration of the gaps' disparate geometry
inducted that flow was most likely turbulent at all pressures. Turbulent, Newtonian, fully
developed flow through a smooth pipe is described by Equation (6.2) a power function
where pressure drop (zP) is a function of fluid velocity (P). So as to apply to the
MRI-Bot this will be reversed to discuss the flow as a function of pressure drop.
7 (6.2)
pD3AP ~aPVD>4
Lp 2 -a i)4
The parameters are kinematic viscosity (p), density (p), pipe length (L) and diameter (D)
and a constant (a) accounting for the friction factor, which is commonly determined from
a Moody chart with Reynolds number and roughness as parameters. The power of 7/4 is
a result of the dimensional analysis specifically for smooth pipes detailed by White.
Modeling the leakage as flow between parallel plates would be equally valid and yield
very similar results, although reality is undoubtedly in a middle ground. Jones shows that
by using the concept of an "effective laminar diameter" any rectangular duct can be
collapsed onto the Moody chart for pipe flow. [35]
For the purpose of comparison with empirical data, all the parameters can be
absorbed into the constant a with flow velocity replaced by flow rate (Q) to yield
7 (6.3)
AP = aQ4
Reversing the independent and dependent variables, to correspond with the test data
where pressure was the independent variable, yields
4 (6.4)
Q=aAP7
6.3.1 Leakage Analytical Results
Increasing fluid viscosity was proposed as a way of reducing leakage and was the
rationale for testing with water and the 50/50 antifreeze mix having higher viscosity.
Firstly, this may be explored analytically. Considering Equation (6.2), with all other
parameters held constant, changing viscosity should have an effect on flow (leakage) to
the -1/4 power.' White notes that "JP (or flow in the MRI-Bot's case) varies only
slightly with viscosity, which is characteristic of turbulent flow."
Similarly, if D is taken as somehow representative of the average gap size,
changes in internal gaps would be expected to affect leakage to the power 5/4. White
continues, "For a given flow rate Q, the turbulent pressure drop decreases with diameter
even more sharply than the laminar formula. Thus, the quickest way to reduce required
I 2 /,U7/ 4  = -1/4
2 D 3 / D 7/4= D 54
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pumping pressure is to increase the pipe size." [16] In the context of the MRI-Bot gap
reduction will be relatively more effective in reducing leakage and thus improving
performance. For example, a 50% viscosity increase would lead to a 10% reduction in
leakage, while a 50% gap reduction would reduce leakage by 58%. Naturally, this does
not account for the difficulty in reducing gaps or increased resistive effects in the hoses
due to increased viscosity.
6.3.2 Leakage Empirical Results
Initially, the pressure vs. flow rate curves were fit with Equation (6.4), but this did
not yield satisfactory results. Therefore, as shown in Figure 6.3, the curves were fit with
a power-law function having an undetermined power.
Q = WAPE (6.5)
As expected, the fitted powers are different from 4/7 (0.57), but are relatively
similar with each other, for motor #4 at 0.68 with water and 0.76 with antifreeze. Thus,
as expected, the power law relationship linking Q and zP is relatively constant.
Changing the viscosity should effect W and for the 28 fold increase in viscosity from
water to the 50/50 antifreeze mix W would be expected to change by a factor 281/4= 0.43.
This can be compared to the empirical results where W changes from 0.79 to 0.29, a
factor of 0.37. This is less than the predicted 0.43 because of a changed in the power;
discounting this, the graph clearly indicates that leakage is halved. The minor variation in
density is ignored. This comparison of the analytical and empirical suggests that the
leakage model presented is sufficient to explore the phenomenon, though the empirical
formulation will be used in Section 8, System Model.
The concave up nature of the curves in Figure 6.3 agrees with the results of the
hydraulic frequency response testing which yielded similar curves for varying amplitudes
indicating a trend of asymptoting together with increasing torque amplitude. Since
torque links directly to pressure and pressure informs leakage, via the aforementioned
power relationship, this is congruent.
The following table summarizes the leakage test results from Motor 4 for use with
developing the system model. Thus leakage may be expressed with the fitted power law
given in Equation (6.5) or in a linear fitted form having a zero intercept and constant W'.
This fit was conducted upon the data shown in Figure 6.3.
Table 6.1 - Summary of expressions for across-vane leakage
Fluid Power Model Linear Model Units
Water = (3.176E-8 )P 06770 Q, = (6.009E-1 0  m3/s, N/M2
Q, = (1.573E-) 0.6770 Q, = (1.016E-6) ft3 /s, lb/ft
2
50/50 Antifreeze = (5.749E- 9 7634 Q, = (2.949E-9  m3 /s, N/m
Q, = (3.721E-6007634 Q, = (4.987E-6 3/s, lb/ft
2
52
7 Dynamic Response Testing
Hydraulic Static Frequency Response Testing, Section 5, explored the torque
transmission capabilities and highlighted the effects of leakage. In order to better
understand the dynamics, the force transducer on the patient motor was removed and
replaced with an encoder, as shown in Figure 7.1. Various positional commands were
inputted and an impedance controller employed to follow a specific trajectory.
Command position, E-motor position (same as input motor position) and patient motor
position were recorded and plotted for comparison. Only Axis 2, the consistently better
performer, was used. Both 16" and 12" hoses were tested with water and the antifreeze
mix.
7.1 Testing Apparatus & Procedures
Figure 7.1 - Dynamic testing apparatus showing encoder attached topatient vane.
The encoder was designed to attach to a fully assembled motor without
modification or obstructing the shaft. Thus a pair of encoders could be fitted to the
motors while fully mounted to the stand and differential. The encoder a Gurley RI 19,
see Appendix D.2 for specifications, is mounted via its flexible feet to a Lexan* platform
of sufficient height to clear the motor shaft and allow access to the handle. The platform
is supported on four screws located in the same holes used with the jackscrews. An
adaptor is used to connect the small tri-lobe profile to the encoder bore. The encoder feet
were equipped with mounting slots, rather than holes, which allowed fine alignment and
adjustment when assembling the testing jig.
The same preparation and priming procedure described in, Section 5, Hydraulic
Static Frequency Response Testing, was conducted. The loop around the E-motor's
encoder was closed with the impedance controller
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T = Stiff(PoSdesired - Posactuai)- damp(velftIered (7. 1)
While the stiffness (stiff) was applied to the position error, the damping (damp) was
applied to the net velocity, rather than the error. Gains were selected a priori based upon
the results of Section 10, Friction & Gear-Drive Evaluation. Not.willing to risk adding
unstable dynamics, the control gains were set to lie right in the middle of the most
conservative stability zone, that below the curve representing the unconnected E-motors.
Selected were stiff = 15/2 N-m/rad and damp = 0.15/2 N-m-s/rad. The division by 2 is
necessary to convert from the patient space, actuated by two motors, to a loop closed
around a single motor. The same Butterworth filter with 30 Hz cutoff was applied to the
velocity feedback.
All tests were conducted with the motors upon the same level and the hoses
supported, and stretched out in a straight line, with no kinks or bends and minimal dips.
No problems with external leakage were encountered, however the antifreeze mix did
evidence a problem with frothing up and entraining air bubbles during priming, which
was later traced to low fluid level in the reservoir. Adding a commercial anti-foam agent
might provide additional security. Tests were performed within the space of an evening,
which did not allow the Delrin vanes sufficient time to expand and increase friction.
These tests were conducted using a Tcl script which initialized a dedicated
controller. This controller ramped up to the peak position of 900, paused for 0.5 s (pause
time), ramped down to -90', paused for another 0.5 s and then ramped up to 00. Ramp
time was incremented from 0.1 to 1 s by 0.1 s, which corresponded to input vane speeds
of 900 to 90 deg/s.1 The 900 was selected to stay within the motor's ±105* range of
travel. Input vane speeds slower than 90 deg/s did not yield any patient vane motion.
Before each trial the hydraulic motors were centered and the encoders zeroed.
Commanded, input vane and patient vane positions were logged, as well as command
voltage. Subsequently, for each trial, the three position curves were plotted together,
examples follow, and the magnitudes of response collected and plotted as a function of
ramp speed. In addition, position tracking, steady-state error and actuator saturation were
examined.2
7.2 Results & Discussion
The following are as series of sample response plots for water as a working fluid
in a 12' hose. Similar results were seen with the antifreeze. They show the commanded,
input vane and patient vane position. Below is the command voltage sent to the Copley
controller, which corresponds to E-motor torque and input vane acceleration.
1 In hindsight a linear division of speeds would have been more appropriate.
2 In reality, the actuators could not saturate, being set with an unnecessarily low torque/voltage constant,
but the command voltage was capped at ±10 V.
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Command position vs. achieved positions
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Figure 7.2 - System response to command input with ramp time = 1 s or 90 deg/s, water in 12' hose,
Circle highlights offset. T~ 0.21 N-m when input vane motion commences.
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Figure 7.3 - System response to command input with ramp time = 0.1 s or 900 deg/s, water in 12'
hose. Patient vane delay = 0.05 s. Max magnitude = 0.60, min magnitude = 0.77. Circle highlights
delay.
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Here the effect of increasing vane speed, and correspondingly higher torques and
pressures, is clear. In Figure 7.3 the input vane tracks the command signal, with a small
delay before the torque is sufficient to overcome static friction. The amount is slightly
lower than estimated, however the vane motion does not commence in earnest until
torque increases a little more. Likewise, because of motor friction the steady state
position is always below the command. The position error multiplied by the spring
constant does not yield sufficient force to overcome the static friction. The nonzero
command voltage for the pauses at +90*, -90* and 00 are 0.78, 0.83 and 0.93 V which
yields an average torque of 0.3 N-m. This agrees with previous estimate of 0.31 N-m in
Section 5.2, Hydraulic Motor Static Friction.
The following plot shows improved performance with an input vane speed of
900 deg/s. At this speed, with current settings actuators saturate; to test at higher speeds
the controllers will need to be reprogrammed. In contrast, the patient vane only reaches a
speed of 556 deg/s. From Section 2.1, Wrist Robot Functional Requirements,
flexion/extension spans 1700 and assuming this motion could maximally occur at 2 Hz
yields a maximum speed of 680 deg/s. The input vane does not track the command as
well, evidencing overshoots and greater lag. Considering a second order system,
increasing inertia decreases the damping ratio and, in turn, increases overshoot. This
time motor friction manifests itself as positive steady state position error. The patient
vane lag of approximately 0.05 s is consistent with the 0.04 s estimate from Section 5.4.2
Phase Lags & Delay.
In all trials the patient vane was observed to travel further in the negative (min)
than the positive (max) direction. To determine whether this was a preferential direction
or a result of some sort of inertial and frictional effect, the entire test was repeated with
the directions reversed, i.e. the vane moved first in the negative direction then the
positive direction. This time the patient vane traveled further in the positive than the
negative direction. Why this occurs is unclear; perhaps on the longer descending portion
of the curve a steady state flow condition may be set up which allows the vane to travel
further. It is most certainly related to leakage. This irregularity will pose difficulties in
developing a control method if it is hoped to actuate the system without feedback from
the patient side. In contrast, the input vane seems equally capable of tracking in either
direction. If leakage was eliminated the patient vane would track the input vane closely.
The following plots detail the combined results showing, as a function of
command position speed, one line for the maximal patient vane position divided by input
vane position and another for the minimal. Repeatability was an issue; though the curves
maintained the same profile when tests were repeated, substantially different final values
were recorded. The 16" hoses, Figure 7.4, appear to perform as well as the 12' hoses,
Figure 11.5, with respect to magnitude, however as afore mentioned, there is greater
delay.
As expected, the thicker antifreeze mix did improve performance. Repeated
testing indicted that the higher speed points were relatively unreliable, however
considering the 225 deg/s point, moving from water to antifreeze results in a significant
average magnitude change from 0.43 to 0.73. In addition, the max and min curves are
much closer together which signified more reliable performance as a function of reduced
leakage.
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Position magnitude ratio vs. vane speed
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Figure 7.4 - System response showing position attained divided by desired position as a function of
commanded vane speed for water in 16" hoses. max - positive position, min - negative position.
Position magnitude ratio vs. vane speed
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Figure 7.5 - System response showing position attained divided by desired position as a function of
commanded vane speed for water & antifreeze in 12' hoses. max - positive position, min - negative
position.
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8 System Model
8.1 Nomenclature
The following table summarises the variables that will be used in the system
model. Some have already been introduced, but they are repeated for completeness.
Values, where appropriate, have been included.
Table 8.1 - Variables for system model
Description Symbol Value / Unit
Input torque (from E-motor) Tin ft-lb (N-m)
Patient torque (supplied to patient) rP ft-lb (N-m)
Friction torque (estimated minimum Tf 0.23 ft-lb (0.31 N-m)
torque to move hydraulic motors)
Input vane position (with centre - = rad
position = 1350= 2.37 [rad] ,, =
0i= a,
Patient vane position (with centre - rad
position = 135' = 2.37 [rad] Op, 0P =
Fluid flow in low pressure hose Q. ft3/s (m 3/s)
Fluid flow in high pressure hose Q+ ft3/s (m3/s)
Fluid flow in circuit Q ft3/s (m3/s)
Fluid flow velocity V ft/s (m/s)
Volume leakage across input vane Qift 3/s (m3/s)
Volume leakage across patient vane Q, ft3/s (m3/s)
Leakage constant W 1.573E-' use lb, ft, s
(3.176E-6 use N, m, s)
Leakage exponent E 0.6770
Linearized leakage constant W' 1.016E 6 use lb, ft, s
(6.009E~ 1use N, m, s)
Pressure on high pressure side of input P+ lb/ft2 (Pa)
vane
Pressure on low pressure side of input P lb/ft2 (Pa)
vane
Pressure on high pressure side of P+ lb/ft2 (Pa)
patient vane
Pressure on low pressure side of patient P4 lb/ft2 (Pa)
vane
Vane (bore) diameter Pb 3.5 in = 0.292 ft (0.089 m)
Shaft diameter (Ps 1.25 in = 0.104 ft (0.032 m)
The system's physical dimensions being in inches, U.S. customary units are given, followed by SI.
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Vane height h 1 in =.0833 ft (0.025 m)
Fluid density (for water) p 1.937 slug/ft (998.3 kg/m3)
Fluid dynamic viscosity (for water) p 2.09 E-5 lbf-s/ftV
(1 cP)
Hose diameter D 0.5 in = 0.0417 ft (0.0127 m)
Motor geometry constant A 7.73E 4 ft3 (2.19E- m3 )
Hose length (for first test) L 16 in = 1.33 ft (0.4064 m)
Flow Reynolds number Re na
Friction factor f na
Input vane inertial (lumped with that of J 2.117E-4 slug-ft2
E-motor and handles) (2.87E 4 kg-M2)
Patient motor inertia (lumped) Jp (3.378E- slug-ft 2)
(4.58E5 slug-ft2 )
Sum of the minor losses for one hose YK 5.88
Inertia of fluid slug in pipe If slug/ft4 (kg/M4 )
Height input side Zi ft (m)
Height patient actuation Z, ft (m)
Frequency of control fe Hz
Transmission delay T s
Equivalent bulk modulus fie lb/ft2 (Pa)
Bulk modulus fluid Bf lb/ft2 (Pa)
Bulk modulus hose Bh lb/ft2 (Pa)
Hose inner diameter di 0.5 in (0.0127 m)
Hose outer diameter do 0.75 in (0.0191 m)
Poisson's ratio v .33
Modulus of elasticity E 1300 psi (8.96E 6 Pa)
8.2 Laminar or Turbulent Flow?
The first question in developing a fluid system model is whether the flow is
laminar or turbulent. To recap, laminar pipe flows obey a linear head loss to velocity
relationship whereby AP oc V, while the more prevalent turbulent flow is non-linear and
described by AP oc V' 7 5 . Pipe flow having a diametrical Reynolds number2 (Red) below
2300 is classed as laminar and above as turbulent; in reality there is a transition region
stretching from approximately 2000 to 4000 where there are scant descriptive formulae
and, according to White, design is not recommended. Looking at the Moody chart
explains the difficulty; in the transition region for a given roughness, the friction factor is
affected by the Reynolds number, itself a function of velocity. In the fully turbulent
region the friction factor stabilises and allows a monotonic pressure vs. flow relationship
to be described. Reynolds number is calculated below in terms of fluid velocity (V) or
volume flow (Q), with parameters density (p), kinematic viscosity (p) and pipe diameter
(D). [35]
2 A general Reynolds number is given as Re=UL/v where U is the average stream velocity, L is the width
and v = p/p is the kinematic viscosity.
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R DV 4pQ (8.1)
p pD
As a first-order calculation it is reasonable to determine whether the MRI-Bot, in
its current iteration, may be expected to operate primarily in the laminar or turbulent pipe
flow regimes. Using Re = 2300 in Equation (8.1), for the two working fluids, water and
50/50 antifreeze, and hose diameter, D = 0.5" = 0.0417' (0.0127 m), it is possible to solve
for the threshold flow rate (Q). Then considering motor geometry, captured by a constant
(A) consisting of bore diameter, #b = 3.5" = 0.292' (0.089 m), vane shaft diameter,
# =1.25' = 0.104' (0.032 m), and vane height, h = 1" = 0.0833' (0.025 m), it is possible
to find the corresponding vane angular velocity (co) generating this flow. Ignoring
leakage and entrance effects this may be considered the maximal speed at which the vane
may be turned without inducing turbulence.
A = h(#b2 _ 0"2) [ft3], ( 3) (8.2)
Q, = Ao = 7.73E~4M [ft3/s] (8.3)
Q, =Ac)= 2.16E-5C (m3 /s)
Substituting everything the governing equation is
4600rxpD (8.4)
= - 2 [use: ft, lbf, s]
The fluid properties under consideration are shown in the following table and the
minimum co has been determined, with appropriate care given to units and conversions.3
The appropriate density and viscosity tables, excerpted from the 1997 ASHRAE
Fundamentals Handbook, are provided in Appendix C, Propylene Glycol Properties. [28]
Table 8.2 - Workin Z fluid properties at 680 F, 1 atm
Fluid Density () 4 Dynamic Viscosity (u) Rotational Speed (w)
[slug/ft ] [lbf-s/ft2] [rad/s] / [deg/s]
(kg/m3) (cP)
DI Water 1.937 2.09 E-5 1.05 / 60.2
998.3 1
50/50-Polypropylene 2.050 5.812 E-4 27.6 / 1580
Glycol/DI Water 1057 27.82
Now, consider a 1 Hz cycle of flexion and extension. Flexion and extension have
an approximately one-to-one mapping to the hydraulic motor shaft, thus this translates
3 Viscosity is a derived unit, and care must be taken in using inches, since slugs (mass) and pounds (force)
are linked by acceleration defined in terms of feet.
4 1 slug = 1 lb / 32.174 ft/s2
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into a vane motion of 1700 in 0.5, yielding a reasonable operational speed of 340 deg/s
for comparison to the chart.
These results show that, for the existing hydraulic setup, both laminar and
turbulent motion may be evidenced, especially when operated with water. Turbulent flow
is somewhat less likely with the antifreeze mix because of the higher viscosity. However,
in either case, the bends, orifices and other "sharp" features, which abound in the MRI-
Bot's ports and hose fittings, probably bring on the transition of turbulence sooner than
predicted. Of less importance will be the entrance length of flow in the hoses since the
MRI-Bot will never be realistically used with short hoses. An advanced system model
might need to switch regimes automatically, since a single human motion could
conceivably have a slow, laminar component and a fast, turbulent component. For a
simpler model it will be best to assume turbulent flow with a relatively low Reynolds
number.
8.3 Pipe flow formulae
Pipe flow formulae are designed to solve for pressure drop as a function of fluid
velocity with pipe geometry and fluid properties as parameters. To solve the inverse
problem or conduct pipe sizing, without resorting to iteration, a new Moody-type chart
must be prepared, or, as recommended by White, a formula-based solver software
used. [35] These methods obscure the model dynamics and consequently the effect of
parameter variation. It is never possible to solve for both a flow variable (Q) and a
potential (AP).
P1
V2
Z2
Figure 8.1 - Steady pipe flow
Beginning with the simplest case, inviscid, steady frictionless flow through a
smooth duct, shown above, is governed by Bernoulli's Equation
f~j+ 2 +2 2 + 9Z20 (8.5)
p 2 )(p 2
Adding viscosity the steady-flow energy equation is reduced to yield
I Z1j2 f 2  V2 2 (8.6)
P{ + v, + gZj + +a2 2 + gZ2= ghf
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where the constants a, and a2 are kinetic energy correction factors, ranging from 2 to 1
for laminar and turbulent flow respectively and gravity times the friction-head5 loss (h) is
on the right. If the pipe entrance and exit are the same sizes, the inlet and outlet
velocities are the same and the a's disappear. The Darcy-Weisbach equation provides an
expression for the friction head loss for a circular pipe in terms of fluid velocity or
volume flow and the friction actor (f) and sum of minor losses (K). [29]
(8.7)v 2  L 8Q 2  Lhf =- f +jK = f-+K
2g( D ) r2D 4g( D
Substituting into Equation (8.6) and eliminating the a terms yields
(8.8)
where the head loss is equal to the pressure differential and gravitational effects.
friction factor (f) is a function of Reynolds Number for laminar flow is given as
The
(8.9)64
fiminar 
= f= Red
Turbulent flow generally requires use of a Moody chart where pipe roughness is
accounted for; assuming the hoses to be smooth walled pipesf can be calculated via
0.316Red--/4
fturbulent = f 1.8 log Red -2
1( 6.9
4000 < Red <10' H. Balsius (1911)
Red >105
Other equations, for turbulent flow friction factor, exist but White was chosen as a
reliable, practical source. [35]
The pertinent minor loss factors are summed up in Table 8.3. It must be stressed
that they are very uncertain approximations and have been adapted from specifications
given for commercial pipes, rather than rubber hoses and barbed fittings for which
pressure loss calculations are rarely made. In addition, the current prototype employs no
rounded edges where flow enters and exits the motors, and rounding has been shown to
greatly reduce losses.
5 Friction-head loss is given as a height differential, e.g. feet, which would yield the same pressure drop as
the frictional effects.
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(8.10)
P - P2 + (ZI - Z2)Pg = f _+jK
7r D g (D
Table 8.3 - Applicable minor losses
Minor Loss Formula / Value
90* tee, screwed, %A" nominal, branch KE= 2.4
flow (inlet and outlet ports of motors)
Sudden expansion from hose to inside d2 2 362 2
motor (D - vane height = 1", d ~ inside KSE 1- =0.76
fitting = 0.36")
Sudden contraction from inside motor d 2 2 362 2
to hose Ksc = 0.42(j - D = 0. 4 2 (j - = 0.32
8.4 Effects of Transparency
To recap, The MRI-Bot seeks to create an MRI compatible version of the Wrist
Robot where, as with all robots designed in the Newman Lab, transparency is
maximised. Striving for this goal necessitates a low density, incompressible, low
viscosity fluid. The water and antifreeze mix seem a reasonable compromise.
Traditional hydraulic systems use heavy, high-viscosity oil as a working fluid. These
systems are robust with minimal sealing, thus exterior leakage is minimised by high
viscosity. Only recently have water hydraulics become available, driven more by
environmental concerns than performance. Likewise, traditional hydraulic systems are
most often used in "brute force" applications where back-driving is not desirable. This,
of course, is imperative in a transparent system; hence the radically different design,
already presented, evolved. The key difficulties, which lead to a relatively unprecedented
hydraulic modelling problem are summarised below:
1. Opposing fluid paths - Turning the vane both pushes fluid out one port and sucks
it in from the other simultaneously. Motion in the opposite direction reverses the
ports. Standard systems provide pressurised fluid to one side of a cylinder at a
time while letting the other side drain to a reservoir.
2. Pump-less - A standard system provides fluid from a pump in one direction only,
directing it to the appropriate side of a piston via a high-impedance valve, and
back-driving through the pump is not possible. The MRI-Bot is symmetric and
can be driven either by the E-motor or the patient.
3. Zero external leakage - Since there is no spare fluid in a reservoir, any fluid
escaping the system is replaced by air, which then cannot be purged without
system shutdown and recharging. This problem has been largely eliminated at the
cost of minimally increased friction. This friction, however, has potential to
irregularly affect modelling. Normal hydraulic systems, employing thick fluid,
permit slow leakage.
4. Time delay - In this application the time required for the pressure wave to travel
along the hoses could make the system unstable as well as suggests that the
suction side sees a momentary low pressure spike as the vane moves before the
fluid moving in the circuit catches up.
5. Suction side - Following up on the previous point, the full implications for Robot
performance are unclear, but Buerger explains that low pressure is undesirable
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since cavitation can result. Moreover, in his dual-piston configuration, each
piston having one side open to the air, without a preload, only forces up to
atmospheric pressure can be supported. This should be less of a problem in the
MRI-Bot configuration, since the vane sees fluid on both sides, neither being open
to the air, and during motion there is always one side in compression.
6. Internal leakage - Perhaps the biggest challenge, leakage from one side of the
vane to the other occurs as a function of pressure and results in a repeatable
performance loss. This necessitates that the hydraulic motors must be effectively
modelled as both transformers and resistors, allowing nonlinear flow back against
the pressure gradient, i.e. mechanical flow variables are linked with both fluid
flow and effort variables and vice versa. No previous model developed in the
Newman Lab has accounted for this sort of leakage.
8.5 System Model Components
Of paramount importance to understanding system operation and directing
redesign, is the creation of a model of the fluid system. Testing has indicated that the
electrical system, encompassing the Linux computer, controllers and support electronics,
and E-motors, are able to supply sufficient torque at a bandwidth well beyond that of
human motion. A system model will first be developed analytically as a set of coupled
linear differential equations. Then they will be modified to include nonlinearities and
finally the system will be modelled in Matlab's Simulink*
For modelling purposes, the fluid system ports are defined as the shafts of the
hydraulic motors at which either rotational velocity or torque may be specified. The
input motor controller has been set to operate in torque mode, thus the input vane
receives a specified torque (rz) and position (6,) is free to vary. At this point in the
modelling, without coupling the fluid model to a patient model, there exists an
unresolved debate as to the appropriate input at the patient vane, either patient torque (i[,)
or position (0p). Depending on the desired test either is valid.
With a limited number of tests for corroborating a model, there is always the
danger, albeit unlikely given the work involved, that the model has enough parameters
that it can finessed to simultaneously fit all the tests, while remaining non-representative.
Thus, the system model will be developed for water as a working fluid and 16" hoses. It
will then be validated by considering longer hoses and the antifreeze working fluid. Even
if the model's test results do not visually "fit" the empirical results, provided it exhibits
the same trends, the model will be sufficient for examining the effect of parameter
variation.
8.5.1 Fluid System Schematic
Figure 8.2 is a schematic showing a pair of hydraulic motors, including the
pertinent variables and various sign conventions. A particular torque and direction of
motion is assumed, thus one side of the circuit is assumed to be in high pressure and the
other low. Figure 8.3 is an informal block diagram describing where the fluid
transmission fits into the entire system.
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Low pressure circuit
0 rLeakage
CL:
9,,9',
Pi+ Pp+
High pressure circuit
Figure 8.2 - MRI-Bot fluid schematic showing hydraulic motors, fluid lines and positive conventions.
Hi pres.
RT Linux -W Cnre W Input Motor Pressure hose Pressure @ Patient Motor Dfeeta
Controller Cyntrolls Dynamics @ vane Lwps.vane Dynamics
hose
Figure 8.3 - Block diagram showing interaction between mechanical and fluid systems
This system is indeterminate in nature, there being two force paths between the
two mechanical systems. In reality they are not "redundant" since, as previously
mentioned, fluid cannot effectively support tension, and thus it maybe expected that in
this system force is carried primarily by whichever hose happens to be in compression at
a particular moment. Normally the indeterminacy could be easily addressed by using a
single "equivalent" path with double the resistance and inertia. This however, would
only provide an accurate representation of the vane position if internal leakage was non-
existent. The decision to eschew internal vane seals makes the solution non-trivial. It
will not be possible to solve analytically for specific pressures only pressure differences.
8.5.2 Continuity and Compatibility
As shown in Figure 8.2, the fluid may be assumed to flow in a circuit. Ignoring
time delays and fluid compliance, which will be estimated later, via continuity, fluid flow
in the lower half must equal flow in the upper half.
Q+ = Q_ = Q (8.11)
Via compatibility the net pressure drop around the circuit is zero. The signs were
based on the directions of assumed pressure drops shown in the figure.
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-(P -P,_)+(P. -P, +)(P,+ -P,_)+(P, -i_)=o (8.12)
To facilitate substituting in the constitutive expressions, this expression is not simplified.
8.5.3 Hydraulic Motors
The input and patient hydraulic motors are modelled as transformers which
convert torque to a pressure differential and angular velocity to fluid flow. This yields
two equations for each pump. The geometric constant A was given in Equation (8.2).
-
(8 .13 )
J O -= 1  +
so (8.14)
JP O, = 1,P, - )JA
A O -Q =Q(815)
A bp,+ QI, Q_ (8.16)
Vane angular acceleration (a) times the inertia of the vane and attached hardware (J) is a
function of the torque applied (T) and the pressure differential across the vane multiplied
by a constant (A) which accounts for motor geometry and the lever arm. Flow (Q) is a
function of the angular velocity (o)) with the leakage across the vane (Qi) accounted for.
Signs have been selected to conform to the figure. For the moment transmission delays
are ignored as a minor source of error.
8.5.4 Motor Friction
Motor breakaway torque was examined in Section 5.2, Hydraulic Motor Static
Friction. Motor #1 is always more sticky than the other three motors, therefore the
values of motor #3 are considered representative of the system and value r1 = 0.23 ft-lb
(0.31 N-m) was selected. This will always work in opposition to the applied, or
outputted, torque; however it cannot easily be incorporated into either a frequency or time
domain representation. It will be included in the Matlab model as a "dead zone" whereby
torque of magnitude below 0.23 ft-lb does not transmit to the vane and cause
acceleration. Nevertheless, this is expected to be a poor approximation and a significant
error source since after breaking free less torque is needed to sustain rotation and the
motors defiantly exhibit viscous damping and a range of condition-specific frictional
values, which cannot be reliably measured in the current prototype.
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8.5.5 Leakage
Volume across-vane leakage, as described in Section 6, Leakage Analysis, is a
function of the pressure gradient, with fluid viscosity as a parameter, following a power
law relationship yielding
Q1, =W( p _)E (8.17)
QI, =W(Pp, - P,_Y 8.8
These may be linearized, with a zero intercept, to yield
Q, = W',(Pi - p_ ) (8.19)
QI, =W'(P,, - P,_ (8.20)
8.5.6 Pipe Flow
The two hydraulic motors are connected by a pair of flexible hoses. Previous
work by Verdirame and Buerger has considered the capacitance of the hoses as
paramount importance. [33], [2] Bearing this in mind, Freelin-Wade's Clear-Line HP*
reinforced hoses are assumed to have minimal radial compliance and for the time being
are assumed perfectly rigid. With the problem of exterior leakage and consequent air
bubble entrainment being largely solved the working fluid will likewise be assumed
perfectly incompressible.
Equation (8.8) is useful for discussing topics such as optimal pipe size and
exploring the effects of changes in elevation. However, it is specified for steady state
flow, and consequently, with no inertial term, is insufficient for the MRI-Bot's oscillatory
flow. Thus, it is necessary to consider the fluid slugs in the hoses as having inertias (If)
and flow resistances (Rj) and encountering a height differential from input (Z) to patient
(Z). The pressures (P) are as shown in Figure 8.2. Thus the pressure-flow relationship
for the high and low pressure hoses is given by
(P - P +)= pg(Z, - Z,)+jIf +RfQ (8.21)
(p, - P_ )= pg(Z, - Z,)+ I + R 1Q 
(8.22)
The inertial term for an incompressible fluid in a circular pipe becomes a constant 6
I 4pL 
(8.23)
f 7rD2
6 This unconventional If has units of mass/length4. It is formulated for use with Q, change in volume flow
rate with units of length3/time 2 , so that the resulting units are pressure force/lengths 2. The more
conventional inertia is 1 = , used with v , the change in flow velocity, and resulting units are force.
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The work of Verdirame and Buerger, which centred on pistons, rather than rotary vane
motors, also accounted for the inertia and resistance of fluid within the cylinders. The
complex interior structure of the MRI-Bot's hydraulic motors cannot reasonably be
modelled without Computational Fluid Dynamics (CFD) and, hopefully, internal resistive
and inertial effects can be ignored since the fluid hoses' volume exceeds that of the
motors. Entrance effects are accounted for with the minor losses.
The model of Verdirame, which used a laminar resistance model to propose a
constant Rf which was multiplied by the flow rate, did not seem adequate. Instead, the
R]Qf term, or friction head loss, is found with the more general Darcy-Weisbach
formulation, Equation (8.7), repeated here.
RQ = D yf + K~ (8.24)
Ignoring the not so minor losses and using Equation (8.9) for f yields a linear, laminar
flow resistance
RfQ=128pL Q(8.25)
7rD4
Likewise, head loss for turbulent flow with the Balsius formulation, Equation (8.10), and
not ignoring minor losses is
RfQ= 0pQ2  P r L (8.26)
8.6 Linear System Model
Creating a linearized model will provide an easily understandable formulation for
design analysis. A more complete nonlinear extension of the linear model will be used
for Simulation. The pertinent variables of interest are
Table 8.4 - Summary of variables of interest
State Variables Input Side Variables Patient Side Variables
0 Input torque - Tin Patient torque - TpInput velocity - 0
Patient velocity - Input position - 6, Patient position - Op
Flow in circuit - Q
Without leakage, the vanes would be effectively solidly coupled, thus there would be
only a single state variable the velocity of this equivalent resistance, which would
completely describe system energy. With the realistic system, both vanes and the fluid,
though coupled, can be moved independently for three state variables. In order to
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retrieve the vane positions, which are linearly independent from velocity, two additional
state variables are added. [25]
We begin by considering the two system inputs to be the torques. Firstly, the
torque-pressure transformer expressions, Equations (8.13) and (8.14) are combined with
the leakage expression, Equations (8.19) and (8.20) to yield
.. A (8.27)
Gi= Qn
.. A (8.28)
O,=p+ Q,
Then the leakages are replaced via the velocity-flow transformer expressions,
Equations (8.15) and (8.16) and a single Q is used since the flow in both hoses is equal
from Equation (8.11). These yield two state equations.
A2  A 1(8.29)
0=- i+ Q+-JW JW J
A2  (8.30)Jw Jw JO, - 0,+ Q+-I-
Then, in order to obtain Q Equations (8.21) and (8.22) are added together and the
pressures regrouped.
(P+ - _,--(P, - P,_) = 2I, Q+ 2R,Q (8.31)
Again the leakage equations are invoked to yield
Q ____ _(8.32)
r I= 2I, Q+ 2Rf QW' W'
This equation agrees with Buerger's assertion that, were leakage completely eliminated, a
double-acting system would exhibit twice the inertia and resistance of a single acting
system. Interestingly, gravity disappears from the equations indicating that height
differentials between the input and patient motors have minimal effects, for any fluid
pushed uphill an equal amount flows downhill and balances out the energy. Specific
pressure information is lost, since the closed system functions upon differential pressures.
And again the velocity-flow transformer equations are used.
QAb. Q+A~p (8.33)
W'_ W' =1 2f
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And with some rearrangement and cancellation the third state equation emerges.
A__ a A b* I Rff W01- 2 P- - + Q
2 I................. W ' . . . . ....... 2 I................W ' . . . . . . . .  I...........W '................I ...........
In standard matrix form, with 0 replaced by co and including the two extra state variables
in order to retrieve the
0,
0,
Op
21
outputted positions, this is
A2  0
0 A 2
JW' IW
A A
'fW' 2If W'
1 0
00 1
0 0
0 0
A JJW'
J W'
p RJ
iW' If
0
0
0 0 -0
0 -
0 0 P-
0 0
0 0
0, [ 0 0 1 0
P0 0 0 0 0 1
0,i
Op
0 1
0
0
01
0]
( 0
Q
0p _
_-P
+
These equations may be rearranged at will to vary which variables are specified as
inputs to and outputs from the system. For example, the Hydraulic Static Frequency
Response Testing, Section 5, specified input torque and locked patient position. Input
vane position and patient torque were treated as outputs. For this case the state equations
become
A2  (8.37)
-. - -W, -0 0JLW' JiW' 
- 0 
-
- A I RfQ =0 Q+ 0 -0 "P
. 1 2IW' If W' If 2IfW.
Oi 1 0 0 - 0 0 -P
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(8.34)
(8.35)
(8.36)
................................................................................................................................................................................................................................................................................................................................................. ;
.......................................
(8.38)
W Q + 0 W
-- 0 0 1 0 0 0 '
From these it is possible to write the transfer function from input vane to patient torque.
-
2  (8.39)
T (2JW' If)s+2(JW WJW Rf +A IjW's+(A +2A R W'
This suggests that, nonlinearities aside, the hydraulic fluid transmission is basically a
second order system. [27]
8.6.1 No Leakage, Best-Case Scenario
In order to explore the effects of completely eliminating leakage, it is not possible
to simply set W'= 0, because this would result in dividing by zero. Rather it is necessary
to re-derive the single state equation. With no leakage, linking Equations (8.15) and
(8.16) via Equation (8.11) yields
- -
(8.40)
A9i =Q= A9,
Adding Equations (8.13) and (8.14) together and substituting in Equation (8.40) yields
( + J, )GO = I +(-} +P, +P -P 
(8.41)
Replacing, the pressures with Equation (8.31) yields
..00 (8.42)(J+ j = +f - Q+ 2RIQJA
Finally, the flows from Equation (8.40) are substituted in and the expression reorganised.
-- (8.43)(J, + J, + 21 A 2)9 = ri +r, - 2R A2  (8.4
The sum of the torques minus the fluid resistance (damping) equals the acceleration of an
equivalent inertia comprised of the vanes and fluid. This simplified, best-case model
provides a guide to what a patient trying to back drive the robot would feel; a combined
inertia and a resistance, plus un-modelled friction. Substituting in for A, Equation (8.2),
If, Equation (8.23), and the simplest, laminar Rj, Equation (8.25), yields a formulation
useful for design.
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The leakage rate is a function of pressure
the vane profile A. In theory, if all else could
operating pressures and consequently leakage;
greater perimeter and thus more space to leak.
controlled as a function of the seal design.
encompassing geometry and fluid properties for
across the vanes, which is a function of
be held constant, a larger A decreases
however a larger vane would have a
Practically, leakage is independently
Equation (8.44) is the best equation
design where the goal is to maximise
transparency; accomplished by minimising the coefficients of Op and bp.
.............................. ................................................................................................................................................................................................ ..........
(8.44)
2 4,uLh' 2 2
0" Op 'r + T (Ob Os PP ;TD2
................ .............. ............................................................................................. ..............................................................................................................
pLh2 08,z
Inserting numbers for water in 16" hoses in U.S. customary units yields
(8.45)
2.512E-39 =-- + T -4.501E- 0
Thus, the rotational moment of inertia felt by a patient is 2.512 E-3 slug-ft2
(3.41E-3 kg-M2 ). This exceeds the guidelines set down in Section 2.1, Wrist Robot
Functional Requirements. Moving to a more realistic 12' hose configuration yields an
inertia of 0.0207 slug-ft2 (0.0281 kg-m 2), and considering the antifreeze mix in the long
hoses yields 0.0219 slug-ft2 (0.0297 kg-M2).
8.7 Nonlinear Model
It might be possible to linerise all the pertinent system elements, including the dead
zone and time delays, but this might lead to an unnecessarily poor model; one may as
well use the full capacities of Matlab's Simulink*. In order to facilitate parameter
variation, values will be entered into a separate m-file 9 which will feed into the model.
Firstly, the empirically determined nonlinear leakage formulation, Equations
(8.17) and (8.18), reorganised below, are used.
(8.46)
W L )E + -p2
(8.47)
Secondly, in order to avoid an iterative solution, it is necessary to assume a
certain flow regime. Considering the discussion in Section 8.2, Laminar or Turbulent
Flow?, it seems most likely that the system will evidence turbulent flow. Thus the
Blasius formulation, given in Equation (8.26), is entered into Equation (8.31) using the
nonlinear leakage expressions to yield
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I I_QE Q E
W W
16pQ2 P, 25 7r 25 L
S 2 I Q + - 0.223 +JKf f+ r 2 D' 4 pA2 D .7 Q.2
Now it is necessary to substitute in for the leakages using Equations (8.15) and (8.16) to
obtain the nonlinear version of state Equation (8.34).
(8.49)
______ Q-A 1 2
w JLw p .75 25 LQI7 5  16pQ 2=2I . 17 D 4 ; 2D K
Thirdly, the torque-pressure transformer expressions, Equations (8.13) and (8.14)
are, as before, combined with the nonlinear leakage expressions and the pump-flow
Equations (8.15) and (8.16) to obtain two more state equations
(8.50)
(8.51)
8.8 Transmission line delays
So far both the working fluid and hoses have been modelled as inflexible, thus
pressure is transmitted instantly from the input motors to the patient motors. In reality,
delays in the transmission lines are unavoidable. For completeness, a short discussion
drawing directly from Verdirame is included [33].
Depending on the magnitude of the delay, they may be completely harmless, or,
even with closing the loop around the E-motor, lead to uncontrollability, i.e. patient-
induced motion of the output motor takes too long to transmit back to the input motors
and vice versa, that they become irreconcilably out of synch. Leakage might also have
much the same effect. The maximum frequency of control in Hz (fe) as a function of the
time delay in seconds (1) is given as
(8.52)
f =20T
A system becomes unstable when the phase angle
any feedback, but control is lost before this point.
phase angle of /10 and was explained by Prof.
thumb for a reasonably robust controller is to limi
reaches 1800 thus reversing the sign of
The above expression corresponds to a
Neville Hogan, "A workable rule of
t open loop gain to be strictly less than
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(8.48)
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unity for frequencies greater than or equal to 1/10 that at which time lag would reverse
the sign of the loop." With a cap of motion having 2 Hz components, this gives a
maximum permitted delay of 0.25 s.
The pressure wave's speed is a function of the combined bulk modulus7 (p3e), a
measure of compressibility or capacitance, of the fluid (8f) and hose (ph) in parallel and
this divided by the distance (L) yields the delay.
T =L 2(8.53)
FSe
The combined bulk modulus, ignoring the highly compressible effect of any air bubbles,
is
1 _ 1 1 (8.54)
/le 13h lf
The bulk modulus of water, and a decent approximation for the antifreeze mix, is
extremely high at 4.57 E7 lb/ft2 and the bulk modulus for a circular pipe, modelled as a
thick walled cylinder, having properties inner diameter (d), outer diameter (d,), Poisson's
ratio (v) and modulus of elasticity (E), is given as
E (I+ v)d, + (l - v)d2 (8.55)
$h"2 (d 2 - d/ 20 1
It was not possible to obtain the actual material physical properties of the Clear-Line HP
PVC Tubing with reinforcement, however, the manufacturer was able to supply
specifications for the PVC material, see Appendix B.1, Tubing Specifications, a worst-
case scenario estimate can be made. Using E = 1300 psi, a standard v = 0.33 and the hose
dimensions, this yields a very conservative /h = 1905 lb/in2 = 2.74E5 lb/ft2 . Thus
evaluating Equations (8.53) and (8.52) for various conditions yields
Table 8.5 - Summary of estimated transport delays
Condition Estimated Delay (1) [s] Frequency of control (fe) [Hz]
Fluid, 16" flexible hose 0.0036 13.9
Fluid, 12' flexible hose 0.0325 1.5
Fluid, stiff 16" hose 0.0003 166.7
Fluid, stiff 12' hose 0.0025 20.0
No distinction is made between the two working fluids as they have practically the same
densities and, presumably, similar bulk moduli. "Flexible" refers to a PVC hose without
reinforcement and "stiff' to a pipe having no radial compliance.
7 More formally, bulk modulus is defined as the change in density (ap) divided by the original density
resulting from a pressure change (8p) or p=-v =p . A higher bulk modulus decreases compressibility.
av a,,
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Experimental estimates of delay were obtained in Section 5.4.2, Phase Lags & Delay and
with 16" and 12' hoses respective delays of 0.0025 and .02274 s might be expected.
This, as expected, is less than the estimated delays.
The contents of this table reinforce the importance of minimising hose flexibility
and suggest that instabilities might result at frequencies of interest when control is
applied. In addition, hoses should be made as short as possible, i.e. excess should be cut,
not coiled. These results do not account for the effects of hose reinforcement.
In comparison, Verdirames' work, which accounted for the compliance of
hydraulic oil and unreinforced nylon hoses, yielded experimental and theoretical delays
on the order of a few milliseconds per yard. Pure delays do not normally affect the
magnitude of response in a linear system, but they do cause the phase to slope
downwards. It is difficult to qualify their effect in the MRI-Bot, though a magnitude
decrease would be expected, or even determine where to add the delays to the model.
This will be discussed further in Section 9, Simulink@ Simulation.
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9 Simulink* Simulation
The nonlinear Equations (8.49), (8.50) and (8.51) and effects detailed in Section
8, System Model, were combined to create a Matlab Simulink* model of the hydraulic
fluid transmission. It was not deemed necessary at this point to model the electrical
system. The purpose of the model is twofold: to compare the empirical results with the
analytical model and then provide a convenient means of investigating the effect of
parameter variation. Later, if necessary, the fluid transmission model could be integrated
into a larger model including differential drive and the patient.
It was not truly necessary to use the nonlinear equations, which capture the
nonlinear curve representing leakage as using the linearized leakage curve was found to
yield substantially the same results. More important was the inclusion of other
nonlinearities such as vane crashing, hydraulic motor friction and time delays. As
expected the model was only partially successful in mimicking the physical system.
9.1 Model Components
The model shown is one of a family of possible variations This one was created to
replicate Section 5, Hydraulic Static Frequency Response Testing, tests. It receives
inputs of voltage, which is scaled into torque from the E-motor, and the patient vane
position. In this case the patient position is fed in as a fixed 1350, the center position and
the patient vane has zero velocity and acceleration. Model outputs are the torque applied
to the fixed patient vane and the unconstrained input vane position.
To replicate Section 7, Dynamic Response Testing, a control loop would be added
to determine the input torque and the output at the patient side changed from torque to
patient position via Equation (8.51) with rp set equal to 0. Modification of the
transmission delay and breakaway torque position would be necessary. Alternatively,
adding a differential, and anything attached to it, would require doubling the hydraulic
model and connecting a model of the differential via the patient torques, which would
become inputs to the hydraulic model at the right hand side. On the left hand side patient
E-motor torque would remain an input, and input vane position an output.
The model was developed with named parameters, rather than numbers, entered
into the model's blocks. The parameters' values are contained in a separate m-file; this
provided an easy method of varying parameter values. These values are detailed in Table
8.1 - Variables for system model. Two new pieces of Matlab® code were created; a
program which, using the Simulink model, recreated the same frequency response tests
run on the physical system and a plotting program which, using most of the same code as
the static tests, curve fit and plotted the response data.
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9.1.1 Hydraulic Motors & Friction
On the left hand side of the model torque is supplied and passes through a dead
zone representing the breakaway torque that must be surpassed before the vane turns.
The resultant torque is applied to the combined rotary inertia of the E-motor and input
vane to yield acceleration. Beginning with zero initial conditions, this signal is integrated
once to yield input vane velocity and again to yield position. Velocity is fed into the
equation for flow (Q). Position is set to saturate when the vane reaches its limits of travel
or crashes and a "hi" signal is outputted. This signal, which is logged to provide a record
of crashing, also triggers the previous velocity integrator to reset to zero. Velocity is held
at zero until the torque reverses direction and the vane pulls away from the stop.
On the right hand side of the model the patient vane position signal, after passing
through a saturation block which handles crashing, is differentiated once to yield
velocity. This is fed into the equation for flow (Q). Fluid flow defines the torque applied
to the load cell locking the vane in place.
9.1.2 Fluid transmission
Though the model somewhat resembles the physical system, with the fluid
transmission sandwiched between the two hydraulic motors, the fluid transmission is
reduced into a single "equivalent" line. It may not be possible to separate the two lines
because it is a closed system chain. The flow rate of change (Q) is integrated once to
yield flow. This is turn feeds back into both vane equations of motion. It is worth noting
that the nonlinear flow equations include non-integer powers and these, along with
positive integer powers, assume flow in the positive direction. To obtain a successful
model which can handle flow in either the positive or negative direction, is was necessary
to detect the sign of the term with the signum function, raise the absolute value to the
power, and then reapply the sign.'
9.1.3 Transport delay
Placing the transport delay was challenging and is a function of perspective.
Changes at the input are passed through the patient vane via the fluid via a pressure wave
having a specific transmission time. The model used the empirical findings from Section
5.4.2, Phase Lags & Delay, of 0.0019 s/foot (0.0062 s/m). The delay is only applied to
the flow line leading to the output vane; without this delay the outputted torque did not
evidence sufficient phase lag. There is no delay applied to the Q line feeding into the
input vane which is coupled directly to the torque source. In reality, the input vane is not
completely insulated from the effects of delay given the circular nature of the system.2
1 In Matlab this was accomplished with expressions of the form y = sgn(x(abs(x)) h.
2 Leakage from one circuit across both vanes, which allows the input vane to move, is driven by the
pressure differential. This differential is delayed in traveling from the input to the patient side. Thus
leakage is somewhat affected by delays.
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Correctly placing the delay(s) in a model where the patient vane is also free to
move will be much more challenging. Since signals will be traveling as pressure waves in
both directions along the fluid lines. This causes a problem since the analytical model
reduces the fluid transmission to a "solid linkage with inertia and damping" whereby
anything occurring at either vane instantly affects the fluid at all points. Q feeds into Q
and influences both vane velocities in a circular fashion, thus there are no obvious
locations for delays.
9.1.4 Outputs & Testing
In the upper left hand corner of the model a multiplexing block collects time,
inputted torque, patient torque, position of both vanes and the record of crashing
incidents. The simulation was run at 10 kHz in order to yield smooth plots. This is
reduced to 1 kHz and the variables logged into an array, which, in the version shown, is
sent to the command window for processing.
For a particular test, the Matlab code loaded the physical parameters and then
cycled through each frequency from 0.25 Hz to 20 Hz and amplitude from 2 to 10 V, as
was done manually with the physical system. One change was made, in order to
maximize the low frequencies captured without crashing, torque was inputted with a
phase shift of 900, in accordance with previous recommendations, so that the input vane
oscillated around the center position.
The results are stored in a large array and then processed in a fashion identical to
the physical tests of the hydraulic system. In the physical case detecting crashing was a
judgment call; in the model system it was logged and any trial evidencing crashing was
automatically eliminated from plotting.
9.2 Results & Discussion
9.2.1 Frequency Response
Shown in the following are the model's frequency response plots combined with
the empirical data from Axis 2.
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With the 16" hoses, Figure 9.2, the simulation shows promising similarity to the
empirical results, although the magnitude is shifted by 0.1 upwards. The curves do
exhibit the n'onlinear effects, moving closer together at higher amplitudes. Phase lag is
underestimated.
Moving to the 12' hoses, Figure 9.3 and Figure 9.4, there is a serious discrepancy
indicating that the model is a poor approximation of physical system dynamics. While
the empirical curves change shape entirely, the model is barely affected by a 28. fold
increase in fluid viscosity. For comparison purposes, the 12' hose curves' shapes have
been ignored and lines drawn from the high frequency to the low frequency region of the
10 V curves. Considering the empirical lines, the water line drops 0.4 magnitude' while
the antifreeze line drops 0.3 magnitude. In comparison, the simulated lines drop 0.15 and
0.1 respectively. There is no correlation between the empirical and simulated and the
simulated appears relatively unresponsive to hose length and fluid viscosity.
Fluid systems models are generally prone to un-modeled dynamics. Precise
modeling of well defined problems, such as the flow around an airplane wing, are
obtained with CFD. The equations used were developed for industrial piping systems
where head loss and pump sizing are the primary calculations, not "dynamic"
performance. Nevertheless, this does not necessarily suggest that the model is invalid;
rather it is more likely that the simulation's parameters are erroneous. In the static tests,
with the patient vane locked, there is little flow along the fluid lines; what flow did occur
was due to leakage, and thus highly susceptible to error. More success might be had il
replicating the dynamic tests. The leakage constants used were obtained empirically
from testing motor #4. Motor #2, which also comprises Axis 2 was not tested, and Figure
6.3 has demonstrated that there are variations among motors. Likewise, breakaway
friction was measured as accurately as possible, but it still remains an estimate. In
contrast, the time delay, estimated in a more reliable manner from frequency response
testing, was on the same order as that derived empirically. Additionally, the minor losses
from fittings were drawn from White's textbook which suggest that they are only for
industrial piping and are fraught with error and should only be used as guidelines. [35]
The results of this comparison between analytical and empirical Static Frequency
Response suggest that the system model should only be used as a design tool;
performance will still have to be tested empirically. The model and simulation can be
used to explore the effects of varying such parameters as motor geometry and hose size
and length. The actual model outputs will be incorrect but relative magnitudes may
facilitate comparison.
9.2.2 Curve Fitting & Vane Position
A sampling of two specific data sets for 6 V at 1 and 10 Hz is presented to
investigate curve fitting and demonstrate that the model reasonably captures the input
vane position. The plots in Figure 9.5 correspond with the empirical plots in Figure 5.4.
Considering the torque plots, at left, the simulation does not have the same smoothness as
the empirical data. The pure delay is represented by a flat spot after which the curve rises
abruptly. The dead zone representing breakaway friction creates similar unnatural flat
spots. Nevertheless, the curve fitting procedure accurately captures the simulation's
torque output phase and magnitude. Comparing the input vane position, the simulation
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yields amplitudes of 30.20 and 3.00 whereas the empirical are surprisingly similar at an
estimated 30.70 and 4.4*. Higher frequencies and amplitudes from the same test, and that
conducted with water, were examined and found to have similar congruence. This
suggests that at least the model may correctly
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10 Friction & Gear-Drive Evaluation
The MRI-Bot is equipped with two different differential drives, both fitting into
the same mounting configuration and attaching to the same handle; one employing nylon
gears and the.other friction cones. Unlike the previous wrist robots, neither employs any
gear reductions and they are coupled directly to the hydraulic motors in direct-drive
fashion. The goal of this testing was to provide a quantitative and qualitative analysis of
the two differentials, in the form of a map indicating achievable proportional and
derivative (PD) controller stiffness and damping values for stable operation as well as
comments on feel, and mechanical testing of the components.
It was not predicted that backlash and any other nonlinearities in the differential
would affect stability when applying a controller which closed the loop solely around the
E-motors' encoders, since the nonlinearities would be outside this loop. However,
previous work by Celestino on the second and third generation wrist robot, as well as
experience during robot testing, did not agree with this assumption. [4]. Indeed, it was
better to test, rather than try to predict the effects of the differential drive, which couples
the two axes together; backlash, which rapidly couples and uncouples inertia with a
delay; and the handle, which adds inertia and is pulled down by gravity.
10.1 Testing Apparatus and Procedure
In order to test both differentials, independent of the hydraulic system and motors,
two brackets and adaptor shafts were manufactured so that the E-motors could be coupled
directly to the gears and friction cones. Both configurations are shown in Figure 10.1.
Figure 10.1 - Alternate configurations, gear differential and friction differential.
At left is a view showing the gear differential with spider in the center. At right a more
complete view shows the friction differential and how the E-motors were mounted on
special brackets in the positions normally occupied by the patient hydraulic motors. They
were then connected directly, via the flexible coupling, to the side gears of the
differential. Only the first link of the handle is retained, as independent of a patient, the
other two links have no support or rigidity and would just flail around. The gears (or
cones) connected to the motors will be referred to as the side gears and the connected
gears to which the handle attaches the pinion gears.
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For both of the differential drives a series of damping values were entered and, for
each, stiffness was ramped up from zero until instability was detected. The results were
plotted as an achievable stiffness versus damping map. As a baseline, testing was also
conducted for the freestanding motors with no differential attached. This captured any
instability inherent in the controller and motor.
The stability testing with the E-motors connected directly to the differential
applied sufficiently high forces reputedly that fatigue failure was induced in various
components ahd de facto mechanical testing was conducted.
10.1.1 Robot Motion & Controller
The testing procedure was designed to mimic that of Celestino while being as
automated as possible. A standard "center" controller was written which monitored the
position of the end piece. For consistency with the robot's intended operation, stiffness
and damping were defined with respect to a patient's wrist coordinates. These sign
conventions are shown in Figure 10.2. Adduction results in motion of the handle into the
page. This is defined as positive motion for both the left (pos left) and right (pos right)
motors. Extension results in a clockwise rotation of the handle and effects negative
motion of the left motor and positive motion of the right motor.
Figure 10.2 - Detail showing direction of patient wrist motion and rotation positive sign conventions
Following from these sign conventions the patient position, in radians, in terms of
adduction/abduction (pos aa) and flexion/extension (pos_fe) was calculated as
(10.1)(pos - left - pos _ right)posfe= - 2
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pos-aa(pos left + pos right) (10.2)
2
The controller which determined the torques to be applied to a patient, assuming a zero
rest position, had inputs of stiffness (stiff) in N-m/rad and damping (damp) in N-m-s/rad.
- fe = stiff (pos _ fe - pos _error _fe) - damp(vel - fe) (10.3)
r _aa= stiff(pos aa - pos _error _aa) - damp(vel _aa) (10.4)
The poserror term was normally set to zero; it provided a way to add a disturbance in
the form of a positional error to help bring on instability. The velocity (vel) was found by
subtracting the current position reading from the previous and dividing by the sampling
interval. It was then passed through a Butterworth filter of the form
vel = 0.1 122(vel + vel,) + 0.7757(velpf) (10.5)
The coefficients were found with the Matlab* butter function and the subscript (p)
denotes previous and (pt) previous filtered. They yield a cutoff frequency of 30 Hz at a
sampling frequency of 1000 Hz. To coincide with the work of Celestino, the cutoff was
selected as double the highest frequency component of human motion discussed in
Section 2.1, Wrist Robot Functional Requirements. The desired patient torques were then
converted to command torques (r) to be sent to the Copley* controller via
(T aa + r fe) (10.6)left = - 2
rriht -( aa -r fe) (10.7)
- 2
The empirically determined voltage-torque constants of -0.358 and 0.354 N-mI/V for the
left and right motors respectively were used.
10.1.2 Procedures
The testing procedure was conducted with a Tcl* script which accepted starting
stiffness, ending stiffness, stiffness increment, starting damping, ending damping and
damping increment. It then executed a double loop whereby damping and stiffness were
incremented. At each step the controller first paused for 2 s in order to see whether
instability would occur. Then the system was "kicked" by inputting a +10* step into
pos error aa. Then there was another 2 s dwell to allow the effects of the kick to be
manifest.'1 For a given damping, the stiffness was allowed to rise until instability
occurred, whereupon the loop was broken with a keystroke, thus preventing unnecessary
wear on the robot. During testing the stiffness, damping and the left and right motor
The following step pos_ error was set to zero, reversing the previous step's travel. Thus the handle
oscillated around its center position, rather than moved in a circle into the limits.
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positions were logged. The E-motor encoders provide 5000 lines per revolution; with
quadrature this yields an angular resolution of 0.000314 rad or 0.0180 per count.
Firstly, the differential, adaptor shafts and flexible couplings were removed
leaving the motors tested alone on their brackets and the system tested as described
above. Secondly, the differential mounts and the side gears were installed, leaving the
motors unconnected, but with increased inertia from the couplings, shafts and gears, and
damping from the ball bearings. The same tests were repeated.
The correct way to apply the step position error then became a subject of debate.
For consistency, it was desirable that each motor effect the same displacement, thus the
step could be inserted to either pos erroraa, which moved the motors together, or
pos-error_fe, which moved the motors in opposite directions. For the first two tests
either was acceptable and an abduction/adduction kick was applied; however with the
gears (or cones) connected, this was expected to be pertinent since flexion/extension (fe)
motion effectively caused the two motors to push off each other via the pinion gears. In
the third and fourth tests the gear differential was tested for both inputs and was
demonstrably less stable with a flexion/extension kick. Moreover, with the
adduction/abduction test vibrations exhibited a dependency on the direction of the step
and consequent handle position. Thus the results may be considered generally unreliable.
As a caveat, in order to avoid teeth which had become damaged the gear differential was
disassembled and reassembled between these two tests so equivalent testing conditions
were not entirely assured.
Lastly, the gears were replaced with the friction differential. This test could not
be conducted in a single trial, but had to be conducted in sections as the pinion cones,
receiving little alternating jerks, demonstrated a tendency to "walk" around the side
cones. For a given damping, by the time the stiffness had stepped up to the point of
instability, the handle had rotated around towards the securing C-clamp. Only
flexion/extension kicks were used and results beyond damp= 0.35 N-m-s/rad are not
shown as the frictional surfaces wore and testing became unreliable.
10.2 Results
10.2.1 Instability Detection
Two types of instability were evidenced and they can be colloquially termed
oscillatory and violently unstable. The violently unstable was easily identifiable; as the
stiffness increased it was preceded by a humming noise, appearing to emanate from the
motor or flexible coupling, and then suddenly a high frequency, high-energy oscillation.
The humming noise was evidenced in the plots as small oscillations of increasing
amplitude with stiffness. Were this violent instability limit to be reached during
operation it would undoubtedly scare a patient.
For patient operation a critically damped system is desirable; any oscillations
would not result in a desirable sensation. The second type of instability was manifest as
small oscillations which developed as stiffness was increased. They were audible and
could be felt by placing a fingertip on the handle. There did not appear to be a
dependence upon the applied kick for excitation. These too are considered instability and
are reported on the map as a more conservative bound, below the line representing
88
violent instability.2 However, identifying the precise point at which these vibrations
constituted instability was difficult and involved enlarging each plot and following the
position curves along until what appeared to be noise or normal encoder jiggle took on a
regular periodic nature of amplitude greater than three encoder counts. Neither axis was
identifiable as particularly prone to instability; both were checked. Though not shown,
with the gear differential various beats, indicating overlaid vibrations, were seen.
Figure 10.3 shows the raw results of the third stability test; the gear differential
with a flexion/extension step. Conceding the motor positions, for increasing damping,
the stiffness at which violent instability occurs can be seen to first rise, then fall.3 The
data was then parsed with one plot generated for each damping value, an example of
which is shown in Figure 10.4 for damp = 0.15 N-m-s/rad, cropped to show the onset of
instability.
Figure 10.5, zooms in further to show, in detail, the oscillatory instability
preceding violent instability.4
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Figure 10.3 - Raw results of stability testing of gear differential. For each damping, stiffness
mounted until instability was detected, then loop was terminated and stiffness recommenced at zero.
2 This does not strictly conform with the BIBO definition of stability, however it does conform to practical
patient comfort concerns.
The motor positions did not oscillate around the zero position because of deflection due to handle weight.
4 The position signal was not filtered in order to avoid the filtering out of such vibrations.
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Figure 10.4 - Inset of Figure 10.3 showing onset of violent instability for damping = 0.15 N-m-s/rad.
Lines denote changes in stiffness; dashed box is enlarged and shown in next figure.
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Figure 10.5 - Inset of Figure 10.4 showing oscillatory instability before violent instability. Vibrations
are enlarged and estimated to have A = 0.0025 rad (8 counts) andf= 67 Hz.
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10.2.2 Stiffness & Damping Map
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Figure 10.7 - Stability testing results from prior wrist robots. "Measured data" - 3 'd wrist robot,
"Maximum stiffness" - maximum perceivable stiffness, "a-prototype" - 2 "d wrist robot. 131
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10.3 Discussion
The above stability map clearly shows the two distinct instability regimes. The
solid lines indicate the point at which violent instabilities occur and the dashed lines
oscillations. The three uppermost curves show the friction differential, curve 5, and the
gear differential with the two possible inputs, curves 4 and 3. At low damping the
friction differential offers improved performance, however by damp = 0.25 N-m-s/rad
there is no advantage. This initial advantage is theorized to be due to the smooth,
backlash and wobble-free friction differential performance. The advantage would
probably disappear with a properly aligned differential, discussed later. Curves 4 and 5
can be taken as descriptors of the two differentials' relative performance.
Viewing the raw data used to generate Figure 10.6, the gear differential evidenced
a clear point where it became violently unstable, characterized by a loud, incessant
grinding noise the handle flailing about; whereas the friction differential did not have
such a clear cut point. It would begin making momentary grinding noises two or three
steps before grinding continually. The two gear differential curves indicated that
applying a flexion/extension kick, whereby the two motors moved in opposite directions,
resulted in a lower stability map.
Curves 1 and 2 were generated without the differential connected. Adding inertia
in by attaching the side gears moved the stability curve only slightly upward. Likewise,
the corresponding dashed lines representing the onset of oscillations are just slightly
below the solid lines. The dashed lines for the differentials begin some 20 N-m/rad
above curves 1 and 2, however by damp = 0.15 N-m-s/rad they are with in the same
range. This suggests that the origin of the oscillations is probably resonance in the
combined Linux-amplifier-motor system rather than a function of either differential.
Finally, included for comparison purposes in Figure 10.7, is the data from two
prior wrist robots collected by J. Celestino. "a-prototype" refers to the robot designed by
D. Williams and "Measured data" refers to the robot designed by IMT incorporating
Celestino's criticism of the second robot. "Maximum stiffness" was described as "a
function of maximum actuator torque and minimum perceivable change in position" and
above this point was considered infinitely stiff. Although the MRI-Bot's differential was
loose and poorly aligned, in comparison with the wrist robot's precision mechanical
components, surprisingly it performed stably within the same region. Interestingly, the
same maximum 0.5 N-m-s/rad damping is seen, even though the mechanicals are
completely different. However, both the latter wrist robot and MRI-Bot employ similar
amplifiers from Copley Controls and calculate velocity with a Butterworth filter having
30 Hz. This suggests that instability, as a function of damping, may be due more to the
electronics and velocity calculation than the mechanical components. The vibrations of
increasing amplitude, shown in Figure 10.4 are not traceable to any known system
dynamic. The wrist robot employs a gear ratio and small motors, whereas the MRI-Bot's
E-motor are more massive; this may compensate for the slop in the differential,
inadvertently facilitating achievable stiffness in the same range.
92
10.3.1 Mechanical Analysis
Material failures occurred during testing. The Lexan* rod, passing through the
spider and holding the gear differential together broke directly below the threads. This
predictable failure occurred after a few minutes testing with substantial shock loading
resulting from system instabilities.5 The rod was replaced with a brass version which
proved sufficiently durable. Both are shown in Figure 10.8, at right. Subsequently the
rod holding together the friction differential lasted a mere 56 seconds under normal
testing, conditions having experienced only 14 jerks.6 It too was replaced with a brass
version. A polycarbonate rod of the current form factor will not likely be sufficient to
withstand normal loadings and certainly not any loadings resulting from instability.
Figure 10.8 - Broken Lexan* rod and brass replacement, Detail showing wear of friction differential.
Both configurations were tested by hand to evaluate patient comfort. The
mechanism was centered, various stiffness and damping values entered and it was
manipulated. Even for this test, the two links comprising the handle were not connected.
They were found to have too much play in their bearings, which would have obscured
any sensations from the differential. With the gears it was possible, though not
objectionable, to feel the individual teeth mesh. As expected, the friction cones felt
smooth and somewhat viscous. Though either would be acceptable, the friction
differential provided a marginally preferable tactile experience.
Slip was a concern with the friction differential. During stability testing, which
commanded back and forth steps, the pinion cones had a tendency to "walk" around the
side cones. Thus the controller was not advised of the handle's position, which, in the
case of patient trials, would be hazardous, not only from a stability point of view, but also
in that the patient's wrist could be pushed into a hard stop or outside a safe range of
travel. With an appropriate preload this would be less of a problem. Realignment
entailed rotating the handle back to position and zeroing the E-motors' encoders. This
would not be possible with the hydraulic motors' limited range of travel. The pinion
5 An error in previous design; the gears' connecting rod was incorrectly expected to never be loaded;
therefore, it was made out of Lexan*.
6 This rod was designed to accommodate a 22 N static preload. No consideration was made of fatigue or
stress concentrations induced by threading.
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gears would have to be pulled apart, or the preload loosened, and then the patient vanes
along with the handle realigned.
In the current design, the spider, located in the center of the differential, serves no
useful purpose.7 While it would appear to hold the two pinion gears in alignment with
the side gears, in actuality, as long as the connecting rod pulls the pinion gears, or pinion
cones, together, they are secure. They cannot drop out of the differential, being held in
place respectively by interlocking gear teeth and friction.
The rod was observed to rock within the spider and the gears to wobble on the
rod. The handle was observed to oscillate even after the motors had stabilized. The
single ball bearing in each gear provided only axial support, but could not resist tilting of
the rod passing through it. The friction cones were somewhat better, having bushings
half an inch long, although a full inch was available. In order for both the pinion and side
gears' axes to correctly intersect in the differential center full-length bushings, bored for a
snug fit around the rod, will need to be used in all components, including the spider.
10.3.2 Preload
The current design makes no provisions for precisely preloading the gears or
friction cones. The rod holding the gears together has a shoulder at each end which
accepts the ball bearing. The ball bearings are then secured with a nut, which, no matter
how hard it is tightened, can only push the ball bearings against the shoulder. The nuts
were secured with Loctite*. There is no effective way to hold the gears together snugly.
For tribological reasons gears should not be preloaded, rather aligned precisely; in either
case if gears are retained the connecting rod will have to be redesigned to incorporate
adjustability in length. Given that the robot is intended for limited usage as an evaluation
tool, the simplest solution, applying a preload via a compression spring, would be
acceptable. 8 As it is undesirable to axially load the ball bearings, this would necessitate
changing to the, already recommended, bushings with a reduction in cost and no
foreseeable performance degradation. The friction cones are furnished with bushings and
a connecting rod without a step. Thus the nuts on the rod ends can be tightened to
provide a preload, albeit an inconsistent one. As with the gears adding a spring made of
MRI compatible beryllium copper would greatly improve operation and allow for reliable
disassembly and assembly. A suggested vendor for manufacturing a custom beryllium
copper spring is Helical Products. [12] The preload could be easily set by measuring the
spring's free length with calipers, then compressing it a measured amount. Either rod
needs to be equipped with a flat feature to facilitate gripping to prevent rotation while the
nuts are tightened.
10.3.3 Wear
Evaluating wear of the nylon gears and friction cones was a significant motivation
for testing the two differential options. During initial testing, after a number of incidents
7 Mendelowitz recognized that the spider was not strictly necessary, but intended it to aid alignment, oddly,
without touching the rod.
8 Assuming a procedure time of 2 hours, and that each patient would be evaluated four times, this woul4
allow 125 patients to be evaluated.
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of violent instability, some of the tips of the nylon gears teeth evidence regions of fatigue
loading and abrasion. Later, after more controlled testing no further damaged sites were
evident, only a film of dust indicated wear. Under normal use it is believed that they will
be sufficiently durable.
The rubber sheet coated friction cones did not endure a single cycle of stability
testing without significant wear. Looking at Figure 10.8, at right, the handle has been
turned to the side so as to expose shiny, worn patches on the cones. A pile of fallen
rubber flakes is visible below the differential. This wear suggests that a more durable
rubber should be selected for future iterations. However, unlike the gears the friction
cones can be easily renewed for a few dollars with a new piece of self adhesive rubber, a
paper pattern and scissors. No machining would be necessary.
10.3.4 Conclusions
With sufficient redesign and manufacturing care either the gears or friction cones
will provide a satisfactory differential under normal conditions. From the manufacturing
perspective, the friction cones integrate shaft and driving surface into a single part. The
gears, on the other hand, provide consistent performance and reliable torque transmission.
So far they appear sufficiently durable, though the instability testing did damage the ends
of teeth. The friction differential offered an improvement in stability but did not maintain
positional accuracy. The deciding factor in recommending gears for the next iteration is
ease of operation. They interlock and once the hydraulic motors, which cannot be zeroed
like electric motors, are positioned with their vanes in proper relation to the handle no
errors can creep in. All ball bearings, except those supporting the input shafts, can be
eliminated and replaced with bushings. Connecting rods and spider need to be
redesigned to facilitate preload and ensure alignment. The other two, untested handle
links should also be improved to reduce wobbles.
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11 Leakage Elimination
All previous testing indicated the paramount need to eliminate leakage in any
redesign. Motor geometry, particularly that of the vane is much less important since
pressures are low. Therefore, the effects of leakage reduction were investigated by filing
all the crevices of Motor #4 with grease. Then the same tests described in Section 6,
Leakage Analysis, and Section 7, Dynamic Response Testing, were repeated with both
and water and antifreeze. This yielded greatly improved performance.
11.1 Testing Procedures
Parker Super 0 Lube silicon grease was selected as compatible with the seals,
hydrophobic and of high enough viscosity that it would stay in place and not blow-out.
The viscosity did, however, increase the torque necessary to turn the motors. Motor #4
was dissembled and grease applied around the circular boss of each cover. When
installed and screwed on, this grease oozed out to fill the space. The spaces around the
seal cartridges and bearings were also filled with grease. A bead was applied to the vane
and stop as shown in Figure 6.1. This complete, the motor was reassembled and mounted
with the same leakage testing apparatus as before. Tests were repeated with water and
antifreeze, however flow did not commence until much higher pressures. Between the
two tests the motor was dissembled and regressed. No evidence of blow-by was
observed.
Figure 11.1 - Photo showing the application of silicon grease.
Following the pressure testing, motor #2 and #4 were greased and assembled into
Axis 2. This was then fitted with 16" hoses, tested with water, then 12' hoses and tested
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with both fluids. Repeated testing did not show decreased performance, indicating that
that even with motion the grease remained functional.
11.2 Results & Discussion
11.2.1 Leakage Analysis
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Figure 11.2 - Pressure vs. flow rate leakage testing for motor #3 with water and antifreeze, with and
without silicon grease.
Even though leakage is not completely eliminated, Figure 11.2 evidences
substantial improvement with the addition of the grease. Note that the new curves begin
at higher pressures than the old without grease curves; below these pressures flow was
completely negligible. Concavity changes from up to down and the prior model which
proposed leakage as flow through a conduit is less valid. This may be evidence of a
reduction in the grease's ability to seal at higher pressures, such that the area across
which leakage occurs changes.
11.2.2 Dynamic Response Testing
Subsequently, with the setup assembled in preparation of replicating Section 7,
Dynamic Response Testing, breakaway friction was tested in the same manner as
described in Section 5.2, Hydraulic Motor Static Friction. This yielded a torque of
0.34 ft-lb (0.46 N-m) compared to the previous value of 0.23 ft-lb (0.31 N-m).
Manipulation by hand confirmed a significantly more viscous feeling than before.
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The same position tests were repeated and two sample responses with water in 12'
hoses are shown in Figure 11.3 and Figure 11.4. The grease-free curves from Figure 7.2
and Figure 7.3 have been overlaid. In the first figure, the patient vane goes from having
virtually no response to an average magnitude of 0.86. Because of the increased motor
friction the input vane is less successful at following the command. At the faster speed,
in the second plot the average magnitude changes from 0.68 to 0.99. The more viscous
motors, however, require more torque and the actuator saturates, thus the patient and
input positions do not really track the ramp; rather they just rise to the final position. The
controllers need to be reprogrammed to avail of the E-motors' full torque. Looking at the
curves' beginnings, the grease has no effect on delay.
Command position vs. achieved positions
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Figure 11.3 - Axis 2 response to command input with and without grease for ramp time = 1 s or 90
deg/s, water in 12' hose. Max magnitude 0.90, min magnitude 0.81.
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Figure 11.4 - Axis 2 response to command input with and without grease for ramp time =0.1 s or 900
deg/s, water in 12' hose. Max magnitude = 0.99, min magnitude = 0.99.
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Figure 11.5 - System response showing average position attained divided by desired position as a
function of commanded vane speed for water and antifreeze in 12"r hoses.
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The response results for the 12' hoses are shown in Figure 11.5, compared with
the prior results. Average values are compared because, after a break in run whereby the
grease was distributed, maximums and minimums were much less distinct then
previously. Response improves so much that, with antifreeze, the patient vane
overshoots command along with the input vane, as shown in Figure 11.4. Moreover, the
antifreeze and water curves are closer together with, than without, grease. Overall,
performance appears significantly more "transparent" than before.
As a short-term solution, all four motors could be greased and operated. The un-
greased leakage rate is simply too high to successfully perform any testing in an MRI
machine. The effects of increased friction and damping will affect the patient experience,
especially in terms of backdrivability and general "feel." Leakage cannot be decrease at
the expense of greatly increased friction. Additionally, it is unclear whether the grease
will remain in position or eventually be displaced to corners within the motor.
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12 System Redesign
From testing the MRI-Bot it appears that the basic concept employing paired vane
(hydraulic) motors is sound enough that the idea should be pursued. Performance can be
greatly improved, beyond moving from a non-functional to quasi-functional state, as
described in Section 3, MRI-Bot System Description & Revision. Some of the necessary
further improvements have already been discussed as they became apparent during
testing. In its current iteration the MRI-Bot is not fit for patient trials; the computer,
control electronics and E-motors can be retained, everything else will need replacement.
Now the issues that need further treatment are summarized.
1. Reduced Internal Leakage
a. Explore better internal clearances.
b. Explore vane geometry and effect on leakage.
c. Implement internal sliding seals.
d. Improve rotary seals.
e. Fluid selection and viscosity.
f. Reduce or maintain friction at current levels.
2. Reduced weight & Material Selection
a. Eliminate copper - material is too dimensionally unstable and prone to
oxidation.
b. Employ materials that are hydrophobic, stable and do not require
polishing.
c. Explore brass and aluminium and verify magnetic susceptibility.
d. Explore all polymer designs.
3. Design for Manufacture and Assembly (DFMA)
a. Integrate fittings and features to reduce part count.
b. Improve alignment with better bearings.
c. Reduce cost.
d. Continue to minimize friction.
4. Serviceability
a. Reliable assembly disassembly procedure - although the system is for
research use, setup and breakdown time must be minimized.
b. Elimination of hand alignment and procedures.
c. Elimination of need to remove vanes for drying.
5. Patient Experience & Diverse Considerations
a. Any changes to vane geometry may affect friction.
b. Minimized minor losses.
c. Re-examine hose choice.
d. Damping and inertia of less importance.
e. Reprogram Copley controller to harness motors' full torque.
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12.1 Reduced Internal Leakage
Minimizing internal leakage is the most needed improvement. In a redesign
which maintains the same basic form, internal leakage can be greatly reduced in the
region of the seals and around the covers, detailed in Section 6, Leakage Analysis.
However, even with improved alignment and elimination of the gaps it is not clear that
there would be significant performance gains without sealing around the vane. A return
to a highly viscous hydraulic fluid would be a possible solution, albeit undesirable.
Likewise, adding grease has been tried with the cost of a significant increase in friction.
Even if grease was just used to fill crevices it would likely migrate to the vanes' sliding
surfaces. The current design, whereby the vane skims the bore and covers surfaces,
involves challenging and expensive machining. Even after extensive hand work it is not
clear that the current vanes could be fitted any closer. Additionally, to improve range of
travel, the vane's wedge shape will need to be decreased at the cost of increased leakage.
There is no correlation between vane's face geometry, as described by the parameter A,
and leakage.
Returning to a more traditional design incorporating flexible seals around the
vane must be reconsidered. An early prototype is shown in Figure 12.1 and Figure 12.2.
This employs an ineffective machined Teflon® strip sliding on the outside of the vane
around the bore. No provisions are made for sealing elsewhere. Instead, a sliding 0 or
X-ring seal could be inset into a groove around the vane. A Teflon® O-ring might be
appropriate; it would deform permanently once installed and provide a tight fit with low
friction. Should this deformation lead to leakage, it could be replaced with a Teflon*-
coated rubber ring. Finally, a small amount of grease could then be added to augment
performance. An additional benefit in moving to a thinner vane design would be weight
reduction offsetting an increase due to a return to metal.
Either distilled water or the antifreeze mix is a viable working fluid. The
antifreeze provides the benefit of tunable viscosity, whereas leakage can be reduced at the
expense of greater fluid resistance. With improved sealing this may not be necessary. In
either case, adding an anti-foam agent to the working fluid could be beneficial.
Designing seal placement is challenging because the vane requires both rotary and
sliding sealing. Where these two seals intersect, it is necessary to have a gap. A sliding
seal can be placed around three sides of the vane and between the shaft and stop.
However, there still remains a leak path around the shaft. In the current design this was
blocked by a relatively tight bushing flush with the inside covers. The seal cartridge
served primarily to prevent leakage to the outside, however when removed there was
substantial leakage past the bearing indicating its ineffectiveness as a seal. A redesign
should seek to place the rotary seal inside the motor so that it can also serve to provide
sealing between chambers and to the outside.
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Figure 12.1 - Early prototype hydraulic motor Figure 12.2 - Inside view showing
with fluid connections in cover. vane and sliding Teflon "seal."
12.2 Reduced weight & Material Selection
The hydraulic motors were manufactured primarily out of copper, which was
selected for its MRI-compatibility and EDM capability. Each weighs 11.6 lb (5.26 kg).
Much of this weight is due to material in the corners, since the circular bore was carved
out of a square block. These corners do contain tapped holes for securing the covers;
however a return to a design closer to the earliest prototype would result in substantial
weight savings. At the same time the copper material must be replaced; it has proved
dimensionally unstable, too soft for reliable usage and prone to troublesome oxidation.
Brass and aluminium were not given serious consideration, even though Schenck
considers them especially compatible. [30] Brass is harder and considerably more
machinable than copper, though of similar density and strength. Aluminium offers
strength to weight gain and can be easily anodized, for wear resistance, then impregnated
with Teflon* for friction reduction. [31] It is also important to recognize that while the
MRI-Bot patient actuation module will enter the MRI, the imaging region of interest will
be the brain, not the chest, over which the robot will be located. Whether the distortion,
if any, will propagate to the region of interest volume and must be investigated.
An all-polymer design will also be considered, even though polymers do not
remain as dimensionally stable and cannot be machined to the same tolerances as metals.
However, with adjustable seals this might not pose a problem. If necessary, even more
exotic materials such as ceramics could be considered. For any polymer components
contacting the working fluid Delrin* will not perform due to swelling; another polymer
such as Dupont Vespele polyamide will probably perform better. For comparison
purposes Table 12.1 shows selected materials and their properties.
The patient stand and differential mounts, manufactured from G 10 (Garolite*) are
exceptionally bulky, weighing approximately 31.5 lb (14.3 kg), and occupy too much of
the limited space in an MRI bore. This leaves scant room inside for all but the most
petite persons to operate the robot, as shown in Figure 12.3 and Figure 12.4. Moreover,
the many sharp edges pose an unacceptable hazard. None of the current structure can be
retained and considering the difficulty and cost associated with machining GlO a
103
different material might be advisable. A lightweight welded aluminium structure could
perform much better. Or perhaps the stand could be economically made of hardwood
with the motors and differential mounted to a machined bracket.
Figure 12.3 - Robot operation by small
woman - A tight squeeze.
Figure 12.4 - Robot operation by medium man -
most uncomfortable!
Table 12.1 - Selected materials and properties'
Material Elasticity Tensile Strength Density Hardness
[GPa] @ yield [MPa] [g/cm3] [Rockwell]
Copper 110 333.4 8.96 37 RB
Brass 97 305 8.5 75 RB
(360 cold drawn)
Aluminium 69 310 2.7 60 RB
6061-T6
G10 (Garolite) 16.5 262 1.8 110RM
Vespelo 2.41 86.2 1.43 50 RE
12.3 Design for Manufacture and Assembly (DFMA)
While DFMA is generally concerned with high volume production, it can be
applied to the MRI-Bot redesign even though it will be a one-off research tool. Four
hydraulic motors will have to be manufactured bringing economies of scale into play.
The current prototype is comprised of an unnecessary number of parts which lead to
excessive manufacturing costs as well as alignment issues. In addition, parts were
designed in "layers" with each desired ftmction requiring new parts and features; there is
no evidence of integration. In the case of the hydraulic motors, not counting the
extensive rework, this required numerous fixturing and alignments. The best example is
the copper blocks, screwed to the side of the hydraulic motors, into which the hose
T-coupling is fitted, seen in Figure 12.5. In an earlier prototype, Figure 1.1, the hose
'Properties are intended for comparison only and were obtained from Matweb www.matweb.com.
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ports were located in the covers, and a return to this design would allow them to be
drilled without any additional fixturing. For efficient machining, features should be
designed to lie in a single plane per part, as each plane necessitates a separate fixturing.
During redesign, it is essential to consider the patient hydraulic motors and patient
actuator module, comprising the differential, handle and supporting structure, as a single
assembly. For example, in the current design the hydraulic motor has one set of bearings
and the differential another. Essentially six bearings must be aligned, two per motor and
two for the differential, without the aid of flexible couplings. However, if the hydraulic
motors were designed with capable ball bearings, not just bushings, the side gears of the
differential could be mounted directly to their shafts, eliminating the need for a separate
set of bearings. Then the hydraulic motors can be mounted directly to the uprights that
support the differential. As the plastic gears are relatively forgiving to misalignment,
most alignment issues will be eliminated. However, once a preload is applied to the
gears, a thrust bearing may need to be fitted to the motor face to prevent the force being
transferred to the vane and increasing friction. Bearing selection will also inform the
relative placement of seals and bearings.
On the input side all electronics and the motors can be retained, however the
motor stand will have to be redesigned to accommodate the new hydraulic motor and in
the process significant gains can be realized. The two current motor stands, shown in
Figure 12.5, were manufactured out of four pieces painstakingly machined and screwed
together at an approximate cost of $390 each. A similar stand, shown in Figure 12.6, was
welded together, with only a few critical dimensions denoted, at a cost of $137 each.
Furthermore, for portability the two E-motors and input motors should be mounted
together on the same stand.
Figure 12.5 - E-motor and input motor mounted Figure 12.6 - Welded test stand
together on stands.
12.4 Serviceability
MRI machines are expensive and their cost-per-hour for usage reflects this. The
MRI-Bot must be designed for rapid assembly and disassembly in the MRI control room
and imaging chamber. The current filling system is whereby during priming fluid is
pumped from a reservoir and after operation is purged back into the reservoir is entirely
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satisfactory. Hoses will have to be fitted with quick-connects; if dripping is a problem
self sealing versions are available.
The current hydraulic motors are unreliable and require an unacceptable amount
of polishing and assembly time. Because of the tight clearances they are not resistant to
particulates or contaminants in the fluid; however from post operation examination it
appears that particles, which would previously have caused jamming, are instead likely to
become embedded into the Delrin* vane.
Weight makes the hydraulic motors difficult to handle, but this has already been
detailed for revision. The plastic screws which secure the covers are prone to shearing
inside the motor housing and are unsuitable for a stressed application. Moreover, the
current design, whereby the cover's circular boss fits inside the motor bore and is sealed
by an O-ring around its diameter, make the covers impossible to remove without using
the jackscrews. Repositioning the covers seals to the flat, keyed surfaces would eliminate
this problem.
Overall, with proper material choices, repositioned seals and tight bearings it
should be possible to eliminate any onsite servicing. The motors will only require
periodic inspection and lubrication before commencing a series of trials. Industrial
hydraulic systems can operate with only periodic, scheduled maintenance, however they
operate with thick fluid, relatively large clearances and accept a certain amount of
seepage.
Lastly, parts should be made interchangeable. The current system whereby all
parts are labeled and fitted individually is annoying and prevents the stocking of spare
parts. Once patient trials begin it may be reasonably expected that a few components
might fail unexpectedly; the design is novel and the materials relatively soft compared to
the steel with which hydraulic motors are normally manufactured. The current method
by which connections are made with tri-lobed profiles milled into shafts requires that
parts be individually press fit, with varying levels of success. Changing to a tapered
profile is essential to allow easy, repeatable disassembly and assembly.
12.5 Patient Experience & Diverse Considerations
The redesign of the system will substantially affect the way the hydraulic system
interacts with the patient; the functional requirements must be considered. Improving
seals will improve transparency from the perspective of positional accuracy; however this
is likely to be at the cost of increased friction which will manifest itself as damping and
inertia, in addition to fluid resistance in the hoses. Current friction levels, especially with
the addition of grease, are already above recommended levels of 0.34 ft-lb (0.46 N-m).
Additional gains can be achieved through integrated fitting with rounded internal edges
which will also remove points where air bubbles become trapped. The current ports into
the hydraulic motors are characterized by 900 bends, in the tees, and sharp corners in the
motor. Integrating, rather than screwing, the hose fittings into the motor covers would be
advisable.
The geared differential was deemed satisfactory and need to be rebuilt with new
gears, to replace those damaged during testing. A preloading mechanism will be added
so as to provide a consistent, wobble-free experience for the patient; nonlinearities such
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as little "bumps" are especially disconcerting to humans. Tightening the gears was found
to increase the perceived viscosity, but not the force needed to actuate the system.
The current hoses appear adequate from the perspective of size and flexibility;
however there is a significant lag between the input and patient motors. This could only
partially be addressed with a hose having greater radial stiffness. This could also be
addressed with the addition of feedback from the encoder on the patient side, however
this risks adding instability. This would not, however, be able to address the delay in
force application from input to patient side.
Recalling Celestino's statement, "In truth along as the machine is back-drivable in
passive operation, the endpoint inertia is sufficient," suggests that the best strategy is to
redesign and use both Section 8, System Model, and Section 9, Simulink® Simulation, to
compare its performance to that of the existing prototype. This will capture the
interlinked nature of effects, for example, changing the vane height and radii, as
expressed by the form factor A, will affect the operating pressures which are low enough
that this will not be of concern. However, changing the amount of fluid displaced per
vane revolution will affect the flow regime and head loss. Larger hoses will decrease
head loss, but increase perceived inertia. A reduced form factor and thinner vanes would
allow a reduction in motor size, which would help decrease patient module size.
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13 Conclusions
The MRI-Bot project sought to investigate the viability of using a closed fluid
transmission to actuate an MRI compatible wrist robot. As yet, it is not clear that such a
robot will perform satisfactorily. The testing detailed in this document has indicated that
the electrical system components, including electrical motors, amplifiers and the Linux
control computer are well able to deliver sufficient force to the input side with acceptable
bandwidth. All parts beyond this, including the hydraulic motors differential drive,
patient stand and differential mounts are unsatisfactory and need to be completely
redesigned to achieve better transparency.
In the hydraulic system, the inertia felt by a patient exceeds the functional
requirements; however with long hoses this is unavoidable. Of more relative importance
if the high friction within the hydraulic motors, which severely hinders backdrivability.
Internal leakage inside the motors unacceptably decreases bandwidth and positional
accuracy. Static testing indicates that torque greater than that necessary to move a patient
can be delivered at the end of 12' hoses; however with break frequencies on the order of
4 Hz, the estimated minimum 2 Hz frequency of human motion requirement is just barely
filled. Moreover, there is no single curve that describes magnitude and frequency
indicating amplitude dependence. Reducing internal leakage would greatly improve
performance, and decrease nonlinear effects, as demonstrated by dynamic tests after the
addition of grease into the motors. The current design which employs no internal seals is
unworkable. Adding seals is not projected to increase friction beyond current levels,
since the redesign will improve bearings and alignment.
The new design should also seek to reduce the hydraulic motors' form factor.
This will facilitate reducing the size of the patient module, which currently does not leave
sufficient space inside the MRI for a patient. The gear differential was selected over the
friction for reliable performance, however it must be remade to incorporate a preload and
precisely align the gears without wobbling. All components are unnecessarily heavy and
excess material can be trimmed though DFMA. In addition, material choices must be
reconsidered with respect to MRI compatibility, weight, necessary strength for the given
application and machinability. It is essential to evaluate their potential to distort cerebral
imaging, either through literature or empirical testing whereby motor-sized blocks of
various materials are placed into a full-body MRI.I
In preparation of the redesign, bearing in mind that the MRI-Bot cannot replicate
the performance of the current wrist robot, the best course of action would be to review
the current results and determine a clear set of minimal performance specifications that
will allow the robot to successfully interact with patients in a controllable manner.
Simultaneously, it may be possible to repair the existing geared differential, assemble the
hydraulic motors with grease and conduct basic trials of the device to gauge a volunteer's
perceptions. It might also be advantageous to assemble the current MRI-Bot within an
1 Such testing has already been done performed by H.I. Krebs, but the size and shape of the blocks were
smaller than the current hydraulic motors. In addition, though a whole body scanner will be employed, the
patient's head will be the scan region of interest, while the robot will be located over their chest, thus a
certain level of localized distortion may be acceptable provided it does not propagate to the region of
interest.
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MRI facility, but simultaneous scanning and testing an actual patient is unlikely to be of
benefit. Developing a controller to handle the current hydraulic motors restricted range
of travel and tendency to loose positional accuracy would not be time effective.
Following a redesign only a single motor should be produced. This can then be
tested for leakage and friction, following the methods described herein. It is expected
that this motor will require some modification until performance is acceptable. Then a
pair of motors can be produced for dynamic testing. The models and simulation
described in this document will provide design assistance in evaluating the relative
effects of various design choices, however prototyping will be essential. Subsequently,
the differential will be redesigned and replaced and three more hydraulic motors
produced. Then the static and dynamic tests described herein can be repeated for
evaluation of the new robot. The MRI-Bot will then, hopefully, be ready for patient
trials.
109
References
[1] Aquatic Eco Systems, Inc. 2395 Apopka Blvd., Apopka, FL 32703,
407-886-3939, http://www.aquaticeco.com/
[2] Buerger, S. P. Stable, High-Force, Low-Impedance Robotic Actuators for Human
interactive machines. PhD Thesis, Massachusetts Institute of Technology,
June 2005.
[3] Celestino, J.R. "Wrist Robot Rundown." Internal document prepared for the
Newman Lab.
[4] Celestino, J.R. Characterization and Control of a Robot for Wrist Rehabilitation.
MSME Thesis, Massachusetts Institute of Technology, June 2003.
[5] Charnnarong, J. The Design of an Intelligent Machine for Upper-Limb Physical
Therapy. MSME Thesis, Massachusetts Institute of Technology, August
1991.
[6] E. I. duPont Nemours & Co. Wilmington, DE 19898, 1-800-441-0575,
http://plastics.dupont.com/
[7] Eriks USA. 14837 Trinity Boulevard, Ft. Worth, TX 76155, 817-267-8837
http://www.eriksusa.com/
[8] Fasoli S.E. et al. "Effects of Robotic Therapy on Motor Impairment and
Recovery in Chronic Stroke." Arch Phys Med Rehabil, Vol 84, April 2003.
[9] Freelin-Wade Co. 1730 NE Miller Street, McMinnville, Oregon 97128,
1-888-373-9233, http://www.freelin-wade.com/
[10] GE Medical Systems. "MR Safety Guide" 2006, General Electric Company,
Dir. 2381696, Rev. 0.
[11] Gould, T.A. "How MRI Works" How Stuff Works, 2006,
http://electronics.howstuffworks.com/mri.htm/printable
[12] Helical Products Company, Inc. 901 W. McCoy Lane -P.O. Box 1069 - Santa
Maria, CA 93456, 805-928-3851, http://www.heli-cal.com.
[13] Hogan et al. System and method for Medical Imaging Utilising a Robotic Device,
and Robotic devicefor use in medical imaging. United States Patent,
5,794,621, issued 18 August 1998.
110
[14] Hogan, N., Doeringer J., Krebs H.I. "Arm movement is both continuous and
discrete." Cognitive Studies, Bulletin of the Japanese Cognitive Science
Society, September 1999, Vol. 6, Num. 3.
[15] Interactive Motion Technologies, Inc. 37 Spinelli Place, Cambridge MA 02138
USA, 617-497-6330, http://interactive-motion.com/
[16] Jones, 0. C. Jr. An Improvement in the Calculations of "Turbulent Friction in
Rectangular Ducts." Journal ofFluids Engineering, June 1976, p. 173-181.
[17] Kapandji, I.A. The Physiology of the Joints: Annotated diagrams of the
mechanicals of the human joints. E&S Livingston, London, 1970.
[18] Krebs H.I. et al. "Robot Aided Neurorehabilitation." IEEE Transactions on
Rehabilitation Engineering, Vol. 6, No. 1, March 1998.
[19] Martini, Leonard J. Practical Seal Design. 1984, Marcel Decker, Inc., New
York. p. 257-263.
[20] MASS Inc. 7101 Adams Street, Building 3, Willowbrook, IL 60527,
Willowbrook, IL 60527, http://www.maasinc.com/
[21] McMaster-Carr, Inc. 473 Ridge Rd., Dayton, NJ 08810, 630-600-3600,
http://www.mcmaster.com/
[22] Mendelowitz S.E. Design of an MRI compatible Robotfor Wrist Rehabilitation.
MSME Thesis, Massachusetts Institute of Technology, June 2005.
[23] Muller, Heinz K. Fluid Sealing Technology, Principles and Applications. 1998,
Marcel Decker, Inc., New York. p. 73-110.
[24] Muller, Heinz K. Fluid Sealing Technology, Principles and Applications. 1998,
Marcel Decker, Inc., New York. p. 1- 16 [Chap. 1, Terminology and Concepts]
p. 39-53 [Chap. 3, Sealing Mechanism ofElastomeric Seals], p. 73-100
[Chap. 6, Rotary Lip Seals], p. 111-160.
[25] Nise, N.S. Control Systems Engineering, Fourth Edition. New York, John Wiley
& Sons, 2004.
[26] Old World Industries, Inc. 4065 Commercial Ave., Northbrook, IL 60062, 1-800-
323-5440, http://www.sierraantifreeze.com
[27] Palm, W.J. Modelling Analysis and Control of Dynamic Systems, 2nd Edition.
New York, John Wiley & Sons, 1999.
[28] Parsons, R. ASHRAE Fundamentals Handbook. American Society of Heating,
Refrigerating & Air Conditioning Engineers, Atlanta, GA, 1997.
111
[29] Savovic, Zoran. "Flow rate, heating and cooling calculators." fludy.com, FL Uid
Dynamics calculators - calculation of flow rate, pressure drop and more.
2006, http://www.fludy.com
[30] Schenck J.F. "The role of magnetic susceptibility in magnetic resonance imaging:
MRI magnetic compatibility of the first and second kinds.
[31] Slocum, A.H. Precision Machine Design. Dearborn, MI, Society of
Manufacturing Engineers, 1992.
[32] Tri Star Plastics. 906 Boston Turnpike, Shrewsbury, MA 01545,
1-847-640-8110, http://www.tstar.com/
[33] Verdirame, J. Characterization of a Hydraulic Actuator for a Functional
Magnetic Resonance Imaging Robot. BSME Thesis, Massachusetts Institute
of Technology, June 2000.
[34] Wheeler J. An Ankle Robot for a Modular Gait Rehabilitation System. MSME
Thesis, Massachusetts Institute of Technology, May 2004.
[35] White, F. M. Fluid Mechanics, Fourth Edition. McGraw-Hill, 1999.
[36] Williams, D. A Robotfor Wrist Rehabilitation. MSME Thesis, Massachusetts
Institute of Technology, June 2003.
112
Appendix A Imaging
United States Patent
Hogan et AL
2ompatible Robot Patent
IE*IE10E074EEIA
311 Patewa Number:
f5] Date of Patent:
5,794,621
Aug. 1&,19
141 SYSTEM AND WETUOD FO MEDICAL
IMAGNG LT.WING A ROBOTIC DEICEL
AND ROBOTic DEV1CE FOR tE IN
MEICAL DAGING
U51 Inveawn: NIve Bapa. Sudbury. lenuam Ie
Iase . Soasmtvik. bulb of Mas.
r731 AsAigee: bnisawikuss bImum, of
Twaudqw. Cadoc. Rmas,
1211 AppI No.: S,2I
1221 Filed N" 3, 1995
131) hat. W .. ..-.................. . A615 5s
152) U.S. CL. .......... ............ 12 )L I; Q W*53-2;
12M774
1511 FWld Of SerdC .. .. 12ZN,53.1. 632.
12/774: (06/13. 901/.0. 14-1. 6: 272193
1561 RfmRdnme Ced
U.S. PA.NF X)CUMECTS
3.642.143
423.437
4.791.934
4.936299
3.019,724
2029
5230.33
S.25112
$339.132
IM9121 /1 7
12/1991
O11"2/ 903
7/199"
5/1994194
Hapee al d.
Rhis a . . ..- 2721134
Brme.
Hne a d.
All e a i,
HJIy ct d'
539732
5.427 AO9
1119"1 Otyw ao
10(9"4 H d ad
11995 TaRsIa at,
4M( Mannn oM A
tr993 bqpw
FHREIGN PW1131 IX)VtU*S
017116 we", Esynmo Pa of
4-303424 10t2 iqn
2VVM12 WItwf Llowed LAOSM
Pr'inary Em"Mri-Maia M. .ajedt
A"aianw Ea0wer-Elemi Mnhi" ldrcaft
Auenimv AgSae or Finn,-Oa. SOVAL )&C(um4M&
Mi#a & Newatid. PC.
1571 AbSTRACT
A r"aic *vtwe for ww is osepnctiom - anstAg
ycam nod an Iuaging ameisd a pevideL The robayr
devie can wvode mx owaka mmaunt wioisn die
tamong sysuemn and cm duo control m ne cal ny
rm eW a ie maaaging systew An cAd iev dwh
rabooic devke eagaps a body segomn of &e piev. Is
adim, pack" and frm so w a.m &d - ft
rIotbk devia sak da de panine and faes bied to
Ite ted decbv can be inmdfmwamd mnd tcw*d.L %Ie
dganges at didnd.m h maa ie ike1guacevboe .e Ug
iarees o tmom e ad d wcbv so. hiked sol.
ndrr to prodde a fmre so a body seMn of a pedw by
way of ae tnd 4rdea. I a paor esinty pnSud tom.
swotswal. Memory and amaaw cOWAnsw 49 Ow V*OWu
devicv am mqmo~wadueae gwc b~ *a M~e robotc c
can acA und prv emd nkmbcs Imaikg
ie -e--bi evirwantm wiAS a maec Ieanet
im 1 yUK
49 Ck, L3 Dnwn Sa
__ _ _ 14
10-~
18
/4
113
Appendix B
Appendix B.1
Selected Component Specifications
Tubing Specifications
CLEAR-LINE"" HP Reinforced PVC
CLEAR IEIU IEEvnyl hose Is reinforced with an open weave
Innerbrald for Increased woddng pressures up to 250 PSI. The
smooth-bore, fullflow I.D. dimensions are sized to fit standard
commercial barbed fillings. CLE4R4WEl* JNP hose can be
bonded together In muli-ribbon assembles. The FDA grade
compound Is suitable for food and beverage dispensing. Other
applcations Include: air ines, chemical transfer coolant lines,
offset powder transfer. and water lines.
- Beverage dispensing
- Drain tubing
" Air andwater lines
" Coolant limes
" Chemical & Oftot powder transler
a4F 4JmE' HP Reinforced PVC
11410-10 100' Length .436 1/4 094 1025 PSI 125 P5 4.60 3M4 B
IJS.1-1 1012 Length 594 3/8 110 is 225 PSI 110 PSI 9.2 1 B
1J3-62-10 100'Length 750 1/2 125 is200 PSI 100 P51 13 5 1-1/2 8
1J-763-10 100'Length 1 025 3/4 137 1s5IS PSI 75 PSI 21 1 2 B
1J-754-1O 1lO'Lengthi 12312 1 156 10125 PSI 80 PSI 31 2 2-1/2 8
1J4765-10 100' Length 1 658 1-1/4 203 10100 PSI 50 PSI 51 0 3 B
1J416-10 100'Lengtth 1 937 1-1/2 218 is IOPSI 50 P51 85.0 3-1/2 B
1J767-1O 100'Length 2520 2 250 is7SPSI 35 P5I 98.0 4 B
www.Freein-Wde.com * 503.434.5561 - Fax 503.472.1989
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I T.; -is
.A COILHOSE COMPANY
1730 NE Miller Street
McMinnville, OR 97128
TECHNICAL DATA SHEET
80A DUROMETER PVC
(503) 434-5561
80A PVC is a DEHP-free PVC compound produced form FDA sanctioned ingredients. 80A PVC has been
designed for the extrusion of gamma radiation resistant sparkling clear medical tubing. It also has been
formulated to meet the US Pharmacopoeia's Class VI and cytotoxicity requirements for medical devices.
Properties Results Tolerance Test Method
Specific Gravity
Durometer A, 15-second (1/4"/24 Hr)
Tensile Strength, PSI (75 mil)
Elongation, % (75 mil)
Modulus 100%, PSI (75 mil)
Graves Tear Strength, PPI
Melt Flow Rate, 175C/20 Kg, mg/min
Recommended Processing Temp, F
1.23
80
2700
+/- 0.02
+/- 3
350
1300
340
350
335
ASTM D 732
ASTM D 2240
ASTM D 638
ASTM D 638
ASTM D 638
ASTM D 1004
ASTM D 3364
+/- 10
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Appendix B.3 Copley Controls AccelusTM Card
(first two pages excerpted)
Accelus'"
DC BRUSHLESS
DIGITAL SERVOAMPUFIER CE
PC BOARD MOUNTING
" PCB Mount
" Position, Velocity, and Torque Control
" Controller Interface
Stepper interface
±10V Velocity / Torque Command
PWM Velocity / Torque Command
Electronic gearing
" Field-Oriented Control for
Optimal Speed/ Torque
" Auto-Tuning and Auto-Phasing
" Feedback
Digital Encoder and Halls
" Programmable i/O:
6 Inputs, 2 outputs
description
The Aocelus" servoamplifier drives DC brushless motors in posi-
tion, velocity, or torque modes with 100% digital control. Commuta-
tion is sinusoidal using encoder feedack from the motor. Hall sig-
nals are used for phase-initialization and phase-correction eliminat-
ing motor hurting after power-up.
Advanced field-oriented-control ersures the highest motor torque
over awide speed range, nirmizing motor heating and maximizing
efficiency. Digital control algorithms transform AC stator currents
into drect and quadrature components. The torque-producing
quackature current is controlled by the current loop, and the direct
component is driven to zero eliminating losses from current that
doesn't produce torque. Space-vector modulation produces higher
speeds than sine-pwm modulation from the sane buss voltage.
CME 2rasoftware communicates with Accelus through an RS-232
link for complete amplifier setup. Auto-phasing and auto-tuning at-
gorithms in CUE 21 slash set op times for fast system commis-
sioning and eliminate "re-wire and tr so common in brushless motor
installations. CME 2 Tm automates current loop tuning, as well as
motor, Hall, and encoder phasing. A powerful oscilloscope and sig-
nal generator display amplifier performance for fine tuning thereat-
ter. Amplifier control parameters are saved in non-volatile flash
memory. OEM's can inventory one part, and configure amplifiers
on-site to each axis in a machine.
MODEL Ic lp VDC
ASC-055-18 6 18 55
ASC-090-09 3 9 90
Acels'" works with motion controllers thatclose position-loops using
incremental encoder feedback and process the position error in a
PID filter to produce an amplifier cornmand for torque, force, or ve-
locity. Only one +-10V analog, or a one or two-wire digital PWM/
(DIR) control signal is required. All commutation is done in the am-
plifier.
In position-mode, Acxe/us' accepts two-wire dgital step-motor con-
trol signals (CW/CCW, or Count/Direction), or operates as a slave
from a maer encoder. The ratio between input position pulses and
motor position is programmable.
Velocitycontrol is derived from motor encodersignals. Velocitymode
is useful not only for speed-setpoint applications, but enables op-
eration with PLCs or controllers that output position-error signals
with no PID filtering.
All amplifier circuits are DC coupled and operate from unregulated
transtormer-isolated DC power supplies, or reguiated switching
power supplies.
The package is asingle board with no heatplate. Solderless mating
connectors on pc boards mount Accelus" at 0" or 90*. Installation
and replacement is fast and doesn't damage amplifier connections.
A Development Kit is available that mounts 1-4 Aoceus'" amplifiers
and provides unregulated DC power from an isolation
step-down transformer.
Copley Controls Corp., 20 Dan Road, Canton, MA 02021, USA
Tech Support E-mail: sales@copleycontrols.com In
Tel: 781-828-8090
ternet http:/www.copleycontrols.com
Fax: 781-828-6547
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DC BRUSHLESS
Accelusm DIGITAL SERVOAMPLIFIER CE(E VOIS PC BOARD MOUNTING
GENERAL SPECIFICATIONS
Test conditions: Load = 1mH in series with 1 Ohm. Ambient temperature = 25 deg. C.
MODEL ASC-055-18 ASC-OWO-C9
OUTPUT POWER
Peak Current 18 (12.73) 9 (6.36) Amps DC (Amps ACrms)
Peak lime 1 1 Sec
Continuous current 6(4.24) 3(2.12) Amps DC (Amps ACrms)
INPUT POWER
HV.~HV_ 20-55 20-90 VDC, Transformer-isolated
20 10 ADC (1 sec) peak input current6.7 3.3 ADC continuous current
PWM OUTPUT$
Tpe 3-phase MOSFET inverter. 20 kHz center-weighted PWM, space-vector modulation
ripple frequency 40 kHz
COMMUTATION I CONTROL
Current loop update rate 20 kHz (50 us period)
Commutation Sinusoidal, field-oriented control of DC brushles motor
Phase Initialization Amplifier initializes In trapezoidal commutation until a Hall transition occurs, then
switches to sinusoida commutation with phase-correction at each Hall signal transition.
BANDWIDTH
Current loop, smal signal 3 kHz, bandwidth varies with tuning & load inductance
HV Compensation HV, to HV,,, Changes in HV do not affect bandwidth
REFERENCE IPUTS
Analog torque & velocity reference +,-10VDC. 12 bit resolution Differential (J1 -25, 26)
Input impedance 68k t Ohm between Ref(+) Ref(-)
Digital torque & velocity reference (Note 1) PWM, Polarity (Note 1) PWM = 0-10W., Polarity = 1/0 (J1-21,23)
or PWM = 5O , +;-50%, no polar signal required
Digital position reference (Note 1) Pulse & Direction Single-ended digital inputs with 1 s RC filtersCW & CCW Maximum pulse or encoder line frequency 1 MHz
A & B Quadrature Encoder when driven from active-output controllers.
CONTROL INPUTS (NOTE 1)
Enable 11N Amplifier enable Active level programmable 10kQ pull-up to +8V
-PoeEnable N3 Positive direction limit switch. Active level programmable. 10ki2 pull-up to +5V
N1egEnable lN41 Negative direction limit switch Active level programmable. 1Ok pull-up to +6V
'Motemp [IN1 Motor overtemperature sensor input Active level programmable 10k( 1put-up to +5Vs
Disables amplifier when motor over-temperature occurs.
All inputs Logic threshold = +2.5V Maximum input voltage = 32VDC.
SERIAL DMA IPUT
RS-232 RxD, TxD. Gnd in 6-position, 4-contact RJ-1 1 type modular connector, and on pc board connector Ji.
Full-duplex, serial communication port for amplifier setup and control, 9600 to 115200 baud
MOTOR CONNECTIONS
Phase U, V. W A lifier outputs to Wye or delta connected brushless motors
Hall U, V, W Digal Hall signals
Encoder A, 'A, B, B, (X x) Q adrature encoder signals (X or Index signal not required). 5MHz maximum line frequency (20Mcounts-sec).
Motemp, Brake Se( Control Inputs labove) and Digital Outputs (below) for detals
STATUS EDICATORS
Amp Status Bicolor LED. Amplifier status indicated by color, and blinking or non-blinking condition as follows:
GreenSlow-Blinking = Amp OK, will run when enabled
Green/Fast-Blinking a Amp enabled but positive or negative limit switch inputs are active
Green/Solid = Amp OK and motor will move when commanded (Amp enabled)
Red/Solid = Transient fault condition: Over or under voltage, motor over-temperature,
or phasing error (current position > 60 electrical from Hall angle)
Red/Blinking = Latching fault condiition: output or intemal short circuit, amplifier over-temperature.
position-mode following error.
DIGIAL OUTPUTS (NOTE 1)
Fault IOUT1I Current-sinking MOSFET opan-drain output with 1kO pullup to +5V through diode, 1A sink max, 30V max.
Normally ON (LO). Output tums OFF (HI) when amplifier fault occurs
/Brake [OUT2J Current-sinking MOSFET to actsuate motor brake. ON when amplifier enabled and operating
OFF when am p disabled. ON-state sinks current from motor brake connected to extemal voltage source
such as +24VDC. Current-low releases brake. Extemal flyback diode required with inductive loads.
PROTECTION$
HV Overvoltage +HV > Max HV Amplifier outputs tum off until +HV < Max HV (See Input Power for Max HV)
HV Undervoltage +HV < 20VtDC Amplifier outputs tum off until +HV > 20 VOC
Amplifier over temperature PC Board > 90' C. Amplifier latches OFF until Enable input cycled, power off-on, or Reset (Note 1)
Short circuits Output to output. output to ground, intemal PWM bridge faults
FT Current limiting Programmable: continuous current, peak current pea time
Motor over temperature Amplifier shuts down when motor over-temperature switch changes digital input (Note 1)
MOUNTEIG & COOLING
Thermal resistance 3.4 'C.W PC board to ambient, convection-cooled, 901 mounting
0.8 CW PC board to ambient, fan-cooled, 300 linear ft'min.
Amplifier internal resistance
Notes
1.Digital inputs [IN1 , |IN31, I N4]. lIN5I, and llN6J & outputs [OUT1 I & [OUT2] have alternate functions (programmable).
Default functions are shown here.
Copley Controls Corp., 20 Dan Road, Canton, MA 02021, USA Tel: 781-828-8090 Fax: 781-828-6547
Tech Support: E-mail sales@copleycontrols.com Internet: http:iwww.copleyControls.com Page 2 of 8
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Equivalent Resistances and Resistor Values
The current in a particular phase could be calculated from the measured voltage
(V) with
i =VReq 
(B.1)
Axis 1, phase A: Req = R 1+ R (B.2)
Axis 1, phase C: R = R6 (+ R R92  (B.3)
Axis 2, phase A: Req = R I+ R1 R1
2  (B.4)
Axis 2, phase C: Req = R1 1+ R 1  (B5)
where the numbered resistors correspond to the schematic in Appendix B.3. Changes in
the values of resistors 1, 6, 11 and 12, significantly alter the current calculated with
Equation (B.1). Thus their resistances were measured with an ohmmeter operating in a 4-
wire configuration. Initially, measurements were made at the terminals where the wires,
en route to the motors connected to the sensors, but the most correct probe position was
found to be directly on the resistors' leads. Resistor values for the unused axis (25, 24,
30, 29) are included as an aid to anyone using that current sensor in the future.
Table B.1 - Measured resistor values
Measured Value [JQ]
0.099 0
0.099 0
0.099 0
0.099 0
34.743 3
986.97 1
34.711 3
984.98 1
34.861 3
985.712 1
34.805 3
984.96 1
32.948 3
1.095 1
32.890 3
1.093 1
Nominal Value [II]
.1
.1
.1
.1
5
000
5
000
5
000
5
000
5
5
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Resistor #
1
6
11
16
5
4
10
9
15
14
20
19
25
24
30
29
Appendix C Propylene Glycol Properties
(Excerpted from 1997 ASHRAE Fundamentals Handbook. [28])
Table 10 (Density of Aqueous Solutions of an Industrially Inhibited Propylene Glycol
Concentrations In Valume Percent Propylene Glycol
Temperature. 'F 10% 20% 30% 40% 50% 60% 70% 30% 90%
-30 67.05 67.47 68.38 63.25
-20 66.46 66.93 67.34 68.13 61.00
-10 66.35 66.81 67.20 67.27 6775
0 65.71 66.23 66.65 67.05 67.62 67.49
10 65.00 65.60 66,11 66.54 66.89 67.36 67.23
20 64.23 64.90 65.48 65.97 66.38 66.72 67.10 66.9730 63.38 64.14 64.79 65.35 65.82 66.22 66.54 66.83 66.71
40 63.30 64.03 64.67 65.21 65.67 66.05 66.35 66.57 66.4450 63.20 63.92 64.53 65.06 65.50 65.87 66.16 66.30 66.1
60 63.10 63.79 64.39 64.90 65.33 65.68 65.95 66.04 65.91
70 62.9a 63.66 64.24 64.73 65.14 65.47 65.73 65.77 65.6480 62.56 63.52 64.08 64.55 64.95 65.26 65.51 65.49 65.37
90 62.73 63.37 63.91 64.36 64.74 65.04 65.27 65.22 65.09100 62.59 63.20 63.73 64.16 64.53 64.81 65.03 64.95 64.82
110 62.44 63.03 63.54 63.95 64.30 64.57 64.77 64.67 64.54
120 62.21 62.85 63.33 63.74 64.06 64.32 64.51 64.39 64.26
130 62.11 62.66 63.12 63.51 63.12 64.06 64.23 64-11 63.98
140 61.93 62.46 62.90 63.27 63.57 63.79 63.95 63.13 63.70
150 61.74 62.25 62.67 63.02 63.30 63.31 63.66 63.55 63.42
160 61.54 62.03 62.43 62.76 63.03 63 22 63.35 63.26 63.13
170 61.33 61.80 62.18 62.49 62.74 62.92 63.04 62.97 62.85
180 61.11 61.56 61.92 62.22 62.45 62.61 62.72 62.68 62.56
190 60.89 61.31 61.65 61.93 62.14 62.29 62.39 62.39 62.27
200 60.65 61.05 61.37 61.63 61.83 61.97 62.05 62.10 61.97
210 60.41 60.78 61.08 61.32 61.50 61.63 61.69 61.81 61.68
220 60.15 60.50 60.78 61.00 61.17 61.28 61.33 61.51 61.38
230 59.19 60.21 60.47 60.68 60.33 60.92 60.96 61.21 61.08
240 59.61 59.91 60.15 60.34 60.47 60.51 60.58 60.91 60.78
250 59.33 59.60 59.82 59.99 60.11 60.18 60.19 60.61 60.48
7cr;: Density in Ib/1l
Table 13 Viscosity of Aqueous Solutions of Propylene Glycol - .U 6A0.d...
Cencentraliea" in Volune Percent Propylene Clycal
Temperature, 'F 10% 20% 30% 40% 50% 60% 70% e0% 90%
-30 497.57 864.87 1363.75 3555.22
-20 156.08 298.75 49.193 820.58 1819.72
-10 95.97 182.96 291.28 495.68 983.05
0 40.99 61.32 114.90 177.73 303.94 55832
10 13.44 27.17 40.62 74.19 112.20 190.41 332.02
20 5.36 9.91 18.64 27.13 49.29 73.22 122.30 205.91
30 2.80 4.23 7.47 13.20 19.66 31.68 49.32 80.66 132.67
40 2.28 3.42 5.75 9.63 14.28 23.65 34.22 54.64 88.51
50 1.89 2.79 4.52 7.22 10.65 17.05 24.41 37.99 60.93
60 1.60 2.32 3.61 5.55 8.13 12.59 17,6 27.10 43.16
70 1.38 1.95 2.94 4.36 6.34 9.51 13.38 19.79 31.37
80 1.20 1.66 2.43 3.50 5.04 7.34 10.25 14.79 23.35
90 1.05 1.43 2.04 2.86 4.08 5.77 8.00 11.29 17.75
100 0.93 1.25 1,73 2.37 3.35 4.62 6.37 8.79 13.76
1l1 0,3 L.10 1.49 2.00 2.79 3.76 5.15 r.97 10.16
120 0.75 0.97 1.30 1.71 2.36 3.11 4.23 5.62 8.71
130 0.68 0.87 1.14 1.49 2.02 2.61 3.53 4.60 7.09
140 0.62 0.73 1.01 1.30 1.75 2.22 2.98 3.82 5.35
150 0.57 0.71 0.90 1.16 1.53 1.91 2.54 3.22 4.89
160 0.52 0.64 0.82 1.03 1.35 1.66 2.19 2.75 4.13
170 0.48 0.59 0.74 0.93 1.20 1.45 1.91 2.37 3.52
10 0.44 0.54 0.68 0.85 2.08 1.29 1.69 2.07 3.04
190 0.41 0.50 0.62 0.78 0.97 1.13 5 .50 1.82 2.64
200 0.38 0.46 0.58 0.72 0.88 1.04 134 1.61 2.31
210 0.36 0.43 0.54 0.67 0.81 0.94 1.21 1 45 2.04
220 0.34 0.40 0.50 0.62 0.74 0.86 1.10 1.31 1.32
230 0.32 0.38 0.47 0.59 0.69 0.79 2.00 1.19 1.63
240 0.30 0.36 0,45 0.55 0.64 0.73 0.92 1.09 1.47
250 0.28 0.34 0.42 0.52 0.59 0.68 0.35 1.00 1.33
N1.,0: Viscosily in Centipai'..S.
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Appendix D
Appendix D.1
GAMMA
Product Advantages
Extremely High Strength:
* Precision machined from high-strength aircraft
aluminum.
* Maximum allowable overload values are 7.8 to 27
times rated capacities,
High Signa~llo-Noel Rati: Silicon strain gauges
provide a signal 75 times stronger than conventional foil
gauges. This signal is amplified, resulting in near-zero
noise distortion.
Typical Applications
* Real-time force control
* Haptics feedback
SProsthetic device testing
* Robotic assembly
a Automotive part testing
UsGm ITMax m d or
The transducer and the standard mounting adapter are
made of high-strength aircraft aluminum.
Fz (N) 140 1]320
Tx, Ty (Nmr, '0/800()
Tz (Nn') /1000 /.00
Cnftac, Al t coplex iosAtsoa imormatOn Resoutons are typiml
1120 1/160 1/, 0 1/80
1/6 67 3 16000 1/400 1/3200
1/667 3/16000 11400 1/3200
Al Sensors a4Itr3ate by AT 'CON Controler /T Syem DAO 16e LAO FT Spem
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Testing Equipment
Load Cell Specifications
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Fx +271 bt +1200N
Fz _L910 lof 14,00 N
Txy ±690 of-jr ±79 Nmr
T+ 730 jt-ir ±832 Nrr
x axis Yaxis two RKx, ryi, zXl 16 lop 9 lxI il N/rn
asforce iQ 1 101 Ili 1XY N/rq
Xaxs & Yaxis toque "Klc1 lv 9: xl 0' lbflnrsrd 1 lxi Y1 Nm/rao
Z-axs torque~ J(Kl2 l4Gxl 0' lbf-irn/t 16xl TNin/red
Fx. y Tz 140C l
We-ghr lc5t II 250 cl
2,97 ir 7S.4 rm
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THIS CARTRIDGE HOLDS A STATIC O-RING SEAL AROUND
ITS OD, W HICH ENGAGES THE GROOVE IN THE MOTOR
TOPS AND A DYNAMIC X-RING SEAL AROUND ITS ID
WHICH ENGAGESTHE SHAFT.
+ i7. GROOVE FINISH:
TOP/ BOTTOM 32 MICRO INCHES
SIDES 63 MICRO INCHES
SLIGHTLY ROUNDED
INSIDE CORNERS -R.005I t ONLY CIRCUMFERENTIAL SCRATCHES
~_ - - ~GROOVE FINISH:
TOP/ BOTTOM 16 MICRO INCHES
SECTION A-A SIDES 32 MICRO INCHES
SLIGHTLY ROUNDED
INSIDE CORNERS -R.005
J. ONLY CIRCUMFERENTIAL SCRATCHES
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Verify height = 1
Be sure tops do not
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before seating in hollow.
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